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Abstract

Neutrino oscillations have confirmed that neutrinos possess a non-zero mass, a discovery

that challenges the Standard Model (SM) of particle physics. While several theoretical

frameworks attempt to explain neutrino mass generation, and oscillation experiments

offer insights into the mass differences between neutrino states, their absolute mass and

ordering remain unresolved. Experiments, using high-precision β-spectroscopy of the

kinematic endpoint of the tritium decay, have sought to directly determine the neutrino

mass. Currently, this effort is led by the Karlsruhe Tritium Neutrino (KATRIN) experiment,

which has recently set a new upper limit on the effective neutrino mass atmν < 0.45 eV/c
2
,

based on its first five measurement campaigns. By the end of its data-taking program in

late 2025, KATRIN aims to achieve a sensitivity of better than 0.3 eV/c
2
.

To reach this goal, it is crucial to account for and mitigate various systematic effects that

could otherwise increase the uncertainty in the neutrino mass measurement. One such

source of systematic uncertainty stems from the so-called RearWall - a gold-coated stainless

steel disk that defines the reference potential for the β-electrons in the experiment. The

Rear Wall is exposed to electrons, tritium molecules, and tritium (cluster-)ions, leading to

tritium accumulation on its surface due to adsorption. This adsorbed tritium generates a

secondary β-spectrum, which differs in shape from the primary spectrum originating from

the gaseous tritium source of KATRIN. The superposition of these two spectra distorts the

measured β-spectrum, causing a systematic shift in the determinedm2
ν value.

The main objective of this thesis is to mitigate the effects of this secondary β-spectrum. In

this work, tritiated amorphous carbon (aC:T) was identified as the most likely contributor to

the accumulation, with an Electron Beam Induced Deposition (EBID) mechanism proposed

as the primary formation process. This was tested through multiple complementary dedic-

ated measurements. Based on these insights, a two-part mitigation strategy was developed

and implemented into the current operations and analysis framework of KATRIN.

The first approach is mitigation within the KATRIN analysis chain. By performing so-called

Rear Wall scans when the tritium source is empty (at less than 10
−5
of the nominal gas

density), a complete characterization of the secondary spectrum was possible. Although

each scan required several days of data collection, it was found that the shape of the

spectrum remained constant, with only its amplitude changing due to ongoing tritium

accumulation on the Rear Wall. This allowed the development of a measurement strategy

combining Rear Wall scans during maintenance phases and shorter, more frequent Rear

Wall rate measurements throughout the neutrino mass measurement campaigns. These

RearWall rate measurements require only a fewminutes of measurement time to accurately

asses the amplitude of the secondary spectrum, as they focus on a single point deep in

the β-spectrum, where the recorded rate is high. An empirical model based on the EBID

accumulation process was developed to interpolate and extrapolate the evolution of the

amplitude of the spectrum, based on the integral tritium throughput. By combining the

Rear Wall scans and the Rear Wall rate model, accurate input parameters for the KATRIN
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mν analysis were calculated, treating the secondary spectrum as a background signal, and

reducing its impact below the uncertainty budget.

The second approach is the direct mitigation of the secondary spectrum by removing the

accumulated tritium from the Rear Wall surface. Various decontamination techniques

were tested, with UV/ozone cleaning proving to be the most effective, by being capable of

reducing the surface activity by three orders of magnitude in less than a week.

In conclusion, a comprehensive strategy has been developed, combining direct Rear Wall

cleaning and indirect analytical mitigation of the secondary β-spectrum. This approach

ensures that the contribution of the secondary spectrum is accurately assessed in themν

analysis, supporting KATRIN to meet its predicted sensitivity for the effective neutrino

mass.
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1 Introduction

Neutrinos, with their intriguing properties, have continually reshaped our understanding

of fundamental physics - from their very discovery to the present day. In the Standard

Model (SM) of particle physics, neutrinos are considered massless [For21]. However, the

observation of neutrino oscillations provided clear evidence that neutrinos have mass, as

shown by landmark experiments [McD02; Fuk98a], thereby pointing to physics beyond

the SM. While modifications to the SM can account for neutrino mass generation [Zyl20;

Zub20], neither these theories nor neutrino oscillation data provide insight into the absolute

neutrino mass, with oscillation measurements only constraining mass differences. This

gap has motivated ongoing efforts to directly determine the absolute mass of neutrinos [Di

24].

One approach to measure the neutrino mass directly is through model-independent, high-

precision β-spectroscopy of tritium decay [Fer34; Ott08]. Following earlier experiments

[Wil91; Kra05; Ase11], the Karlsruhe Tritium Neutrino (KATRIN) experiment [Ake21a] is

currently the most advanced in pursuing this method. In KATRIN, the β-electrons originate

from the decay of T2, which is circulated within a Windowless Gaseous Tritium Source

(WGTS) capable of maintain a stable activity of up to 10
11
Bq [Mar20]. These β-electrons

are then adiabatically guided along magnetic field lines towards the main spectrometer

(MS), which operates based on the Magnetic Adiabatic Collimation with an Electrostatic

filter (MAC-E) principle [Bea80; Lob85; Pic92a], working as a high-pass filter to enable

high-precision electron energy selection before detection by the Focal Plane Detector (FPD).

This setup allows KATRIN to analyze the tritium β-spectrum with unprecedented accuracy,

searching for the subtle imprint ofmν near its kinematic endpoint which is the signature

of the neutrino mass [Kle19]. It recently set the most stringent upper limit on the effective

electron antineutrino mass [Ake24a]:

mν < 0.45 eV/c
2
at 90 % CL. (1.1)

with a projected final sensitivity better than 0.3 eV/c
2
at 90 % CL. To reach this level of

precision, it is essential to minimize all sources of systematic uncertainties. One such source

is related to the surface of the Rear Wall [Bab14; Sch16]. This gold-coated stainless steel

disc forms the physical boundary of the tritium source opposite of the main spectrometer

and plays a critical role in defining the starting potential of the β-electrons generated in

the WGTS [Sch16; Mac21; Ake21a]. As the termination point of the tritium source, the

Rear Wall is exposed to impinging electrons, tritium molecules, and tritium (cluster-)ions,

raising concerns about potential tritium accumulation on its surface.
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1 Introduction

Initial estimates suggested that this effect would be negligible for KATRIN, given the low

hydrogen adsorption properties of gold [Bab14]. However, the phenomenon of tritium

buildup, commonly known as the "tritium memory effect," has been observed on gold

surfaces in previous studies [Nis89; Mat85]. This prompted preparatory experiments using

dedicated setups, which revealed significant tritium accumulation on gold-coated samples

[Röl15]. Indeed, shortly after KATRIN began operating with tritium, tritium accumulation

on the Rear Wall was detected, generating a secondary β-spectrum distinct from the

primary spectrum produced by the tritium in the WGTS [Fri20].

Although initially minimal, this accumulation has grown with continued operation. As

both spectra overlap, the result is a distortion of the measured β-spectrum that introduces

a systematic effect on them2
ν measurment.

Mitigating this effect and the uncertainties arising from it is the central aim of the work

reported in this thesis. The approach is divided into several key tasks:

• Identification of the underlying processes to form the basis of a mitigation strategy,

• Quantitative characterization of the secondary spectrum, with a focus on its evolution,

to enable indirect mitigation by integrating it into the KATRIN analysis chain and

• Development of a procedure to remove tritium from the RearWall, directly mitigating

its effect.

This thesis is structured as follows: Chapter 2 gives the basics of neutrino physics and an

overview of mass generation mechanisms. Chapter 3 introduces main the components

of the KATRIN experiment and the relevant underlying principles. In Chapter 4, the

impact of the secondary β-spectrum on KATRIN’smν analysis is examined, and the key

characteristics of this spectrum, which must be quantified for analytical treatment, are

identified. The fundamental processes of tritium adsorption and possible facilitating factors

are discussed in Chapter 5, leading to the development of a working hypothesis regarding

the underlying tritium accumulation process. This hypothesis provides predictions that are

evaluated in the subsequent chapters. In Chapter 6 both the direct and indirect mitigation

strategies are presented. First, it describes methods for characterizing the secondary

spectrum and its temporal and spatial evolution. Second, it outlines the results of developed

procedures to remove accumulated tritium from the Rear Wall. In Chapter 7, the dynamics

of the secondary spectrum are analyzed. This includes the description of accumulated

tritium over time and the evaluation of dedicated measurements to better understand the

processes leading to tritium accumulation. Finally, Chapter 8 summarizes the results of

this work, highlights open questions, offers an outlook on future research, and emphasizes

the significance of the developed procedures for future sterile neutrino searches using

tritium.
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2 Neutrino Physics

The discovery of the neutrino was triggered by the interplay between J. Chadwick and W.

Pauli, which subsequently laid the groundwork for E. Fermi’s formulation of his successful

theory of beta decay. To this day, the neutrino continues to captivate scientists, inspiring

numerous research efforts aimed at unraveling its mysteries. In Section 2.1, the history of

the neutrino discovery is briefly reviewed and the particle is situated within the broader

context of our current understanding of particle physics. Section 2.2 delves into the

intriguing discovery of neutrino oscillation and its implications, particularly concerning

the neutrino mass. Finally, Section 2.3 outlines a method for determining the neutrino mass

mν through tritium β-spectroscopy, a technique employed by the KATRIN experiment.

2.1 Standard Model and Neutrinos

The continuous energy spectrum of β-electrons, first reported by J. Chadwick in 1914

[Cha14], posed a challenge to the conservation of energy. If only two particles were involved

in the decay, the energy distribution would be discrete. To resolve this, W. Pauli postulated

in 1930 the existence of a new neutral, light particle to account for the continuous energy

spectrum observed in β-decay [Pau64].

In 1932, J. Chadwick discovered the neutron [Cha32a; Cha32b], which paved the way for

E. Fermi’s theory of β-decay [Fer34], being the foundation of todays description of the

process as:

n → p+ e
− + ν̄e. (2.1)

The newly proposed particle was named the "neutrino" to reflect its neutral charge and

small mass, which was estimated to be much smaller than that of the electron.

The neutrino was experimentally detected for the first time in the 1950s by F. Reines

and C. L. Cowan, using a nuclear reactor at Savannah River in South Carolina as strong

anti-neutrino source [Cow56]. They utilized the neutrino capture reaction:

p+ ν̄e → n+ e
+, (2.2)

and verified the process by detecting the correlated emission of two photons due to e
+
e
−

annihilation, accompanied by a third photon emitted after a delay due to the de-excitation

of Cd following capture of the created neutron.

Just a few years later, in 1962, the AGS neutrino experiment discovered the muon neutrino

[Dan62]. In this experiment, a proton accelerator produced pions, which decayed into

3



2 Neutrino Physics

muons and their associated (anti-)muon neutrinos. Behind a steel target that stopped any

incoming muons, a spark chamber detected only muon signatures. This confirmed the

existence of the muon neutrino, as the observed muons had to result from interactions

with neutrinos. The absence of electrons, alongside the creation of muons, could only be

explained by the presence of a distinct type of neutrino.

The tau neutrino was discovered in 2000 by the DONUT collaboration [Kod01]. Using a

proton accelerator, DS mesons were created, which decayed into τ± and their correspond-

ing (anti-)tau neutrinos. These neutrinos passed through a shielding and entered a detector

containing steel and photosensitive emulsion targets. Upon interaction of the neutrinos

with nucleons, τ are created and tracked in this detector. The short lifetime of the τ led to

a detectable "kink" in their trajectory, allowing them to be identified, which proved the

existence of the tau neutrinos.

These three neutrino flavors are the only ones discovered so far, with further measurements

consistently indicating the existence of just three light neutrino flavors. One such example

is the investigation of the decay width of the Z boson, which can decay into neutrinos

and thus gives insight into the number of neutrinos. The decay width can be expressed as

[ALE06]

ΓZ = Γhad + 3Γℓℓ + Γinv, (2.3)

with the partial width of hadronic decays Γhad, decays into charged leptons Γℓℓ and decays

into particles invisible to most detectors, like the neutrinos Γinv. Assuming only neutrinos

as the invisible Z decay products, the number of light neutrino speciesNν can be expressed

as:

Γinv = NνΓνν̄, (2.4)

and

R0
inv

=
Γinv

Γℓℓ

= Nν

(
Γνν̄

Γℓℓ

)
. (2.5)

This ratio R0
inv

can be measured by examining the Z resonance using e
−
e
+
colliders. The

cross-section for the Z production depends on the partial widths in Equation (2.3). By

calculating the ratio of partial widths for neutrinos and charged leptons, the number of

light neutrino species is determined to be Nν = 2.984 ± 0.008 [ALE06].

The existence of these three neutrino flavors is central to our modern understanding of

the Standard Model (SM) of particle physics [Mün19]. Developed throughout the second

half of the 20th century, the SM provides a quantum field theory framework for particle

interactions. It classifies all known elementary particles into two main categories: fermions

and bosons, as depicted in Figure 2.1, and explains the electromagnetic force, strong nuclear

force and weak nuclear force. Apart from gravity, the SM thus incorporates three of the

four fundamental forces.

Despite the success of the SM, not all properties of neutrinos can be explained within its

framework. One such property is the helicity, which describes the relationship between the

spin and momentum of a particle. Helicity can be left-handed or right-handed, and under a
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2 Neutrino Physics

parity transformation (which flips spatial coordinates), helicity should reverse. However,

this doesn’t happen with neutrinos, revealing an unexpected violation of parity.

Wu-Experiment: In 1957, C. S. Wu conducted a famous experiment using the β-decay of
60
27Co [Wu57]:

60
27Co → 60

28Ni
∗ + e

− + ν̄e, (2.6)

where both the β-electron and the neutrino carry a spin S = 1/2. Wu aligned the spins of

cobalt atoms using an external magnetic field and found that the electrons were preferen-

tially emitted in the opposite direction of the spin of the cobalt nucleus. This demonstrated

a maximal violation of parity for processes involving neutrinos, as the electrons exhibited

a clear directional preference, which contradicts parity symmetry.

Goldhaber-Experiment: A year later, M. Goldhaber investigated the reaction [Gol58]:

152m
Eu+ e

− → 152
Sm

∗ + νe. (2.7)

By analyzing the circular polarization of photons emitted during the de-excitation of the

excited Sm
∗
nucleus. M. Goldhaber demonstrated that only left-handed neutrinos are

produced. This further confirmed the violation of parity in weak interactions involving

neutrinos.

While helicity depends on the observer’s frame of reference (and can be flipped for massive

particles by changing the velocity of the reference frame), chirality is an intrinsic quantum

mechanical property that remains invariant under Lorentz transformations. In these

experiments, neutrinos were found to exist only in one chirality (left-handed for neutrinos

and right-handed for antineutrinos), which, according to the SM, implies that they should

be massless.

According to the Higgs mechanism for mass generation [Hig64; Cha12; Aad12], massless

neutrinos should not interact with the Higgs field, since such interactions require a change

in chirality. The results from Wu and Goldhaber’s experiments show that neutrinos,

which have only one chirality, would not be able to interact with the Higgs field, further

suggesting their masslessness in the SM context. However, the discovery of neutrino

oscillations implies that neutrinos do, in fact, have mass, challenging this assumption

within the SM.

2.2 Neutrino Oscillation and Mass

This section covers the discovery of neutrino oscillation in Section 2.2.1 and discusses

its substantial implications, particularly in relation to neutrino mass as described in Sec-

tion 2.2.2. This section concludes with an overview of various experimental approaches

aimed at determining the neutrino mass in Section 2.2.3.
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Figure 2.1: Particles of the Standard Model. This overview categorizes the particles according to their

flavor, spin and interactions. The bosons that mediate those interactions are visually connected to

the involved particles by a lightly colored outline. Information regarding the mass, charge and spin

of the respective particles is provided. This data is sourced from [Nav24; Ake24a] and the image is

obtained from [Com24] and is public domain.

2.2.1 Neutrino Oscillation

According to the SM leptons can be grouped in three generation-doublets as depicted in

Figure 2.1, (
νe

e
−

) (
νµ

µ−

) (
ντ

τ−

)
. (2.8)

This separation into neutrino families is particularly important for interpreting the results

of the Homestake experiment by R. Davis et al. [Dav68], which aimed to measure the flux

of solar neutrinos. Generated primarily as electron neutrinos in the core of the sun through
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nuclear fusion that fuses hydrogen nuclei into helium, these neutrinos were detected via

the reaction:

ν̄e +
37
Cl → 37

Ar
+ + e

−, (2.9)

The
37
Ar nucleus produced in this reaction decays with a half-life of 35 days into an excited

37
Cl atom, allowing for the detection of the Auger electrons emitted during its decay.

This method enabled the quantification of the solar neutrino interactions. However, the

experiment detected only about one-third of the expected neutrino flux predicted by the

SM and solar models [Cle98; Bah82]. This discrepancy became known as the solar neutrino

deficit.

The solution to this deficit came in the form of neutrino oscillations, which were experi-

mentally confirmed by two key experiments:

Super-Kamiokande: The Super-Kamiokande experiment provided the first experimental

proof of neutrino oscillation [Fuk98b]. It measured both solar and atmospheric neutrinos

by detecting the Cherenkov radiation produced when neutrinos interacted with water. By

analyzing the shape and intensity of the Cherenkov light, the type of neutrino interaction

was identified, and the direction of the incoming neutrino could be reconstructed. The

experiment observed a deficit in the atmospheric νµ flux passing through the Earth com-

pared to those coming from the sky. This discrepancy was explained by the oscillation of

νµ during their passage through the Earth into a different neutrino flavor, which was not

detected.

Sudbury Neutrino Observatory (SNO): The SNO experiment further confirmed the

existence of neutrino oscillation [Ahm01]. Similar to Super-Kamiokande, SNO detected

Cherenkov radiation from neutrino interactions with heavy water, which enabled it to

register both Cherenkov light and neutrons. This made it sensitive to all three neutrino

flavors by exploiting different neutrino interactions - one interaction that was sensitive

only to νe and others that were sensitive to all flavors. By combining these measurements,

SNO was able to measure the total solar neutrino flux, confirming the predicted values and

solving the solar neutrino deficit [Aha05]. Additionally, it proved the admixture of muon

and tau neutrinos in the solar neutrino flux, providing direct evidence of νe oscillation.

These findings revealed that neutrinos are not always detected in the same flavor state

in which they were produced. Instead, they undergo flavor-changing oscillations as they

propagate through space. This discovery provided an explanation for why electron neut-

rinos (νe) emitted from the Sun could transform into muon or tau neutrinos (νµ or ντ)

before being detected on Earth, thus solving the solar neutrino deficit. This breakthrough

confirmed that the total number of neutrinos emitted by the Sun was consistent with

theoretical predictions once these oscillations were taken into account.

These oscillations imply that neutrinos have mass, while the SM originally assumed neutri-

nos to be massless. The existence of neutrino mass is crucial for the theory of neutrino

oscillations, which is discussed in Section 2.2.1.1. Following this Section 2.2.1.2 outlines the
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conclusions regarding neutrino mass that can be inferred from the observation of neutrino

oscillation parameters.

2.2.1.1 Flavor and Mass Eigenstates

In the framework of neutrino oscillations, the flavor states - which are the states associated

with the electron, muon, and tau neutrinos - are not the same as the mass states, but

rather they exist as a superposition of each other. The flavor eigenstates, |να⟩ (where
α ∈ e,µ, τ), correspond to their electrically charged partner leptons, and these states

define the interactions that neutrinos undergo. However, for neutrino propagation through

space, the relevant states are the mass eigenstates, |νi⟩ (with i ∈ 1, 2, 3). The flavor states
can be expressed as a superposition of the mass states, as follows:

|νi⟩ =
∑

α

Uαi|να⟩, (2.10)

and in reverse:

|να⟩ =
∑

i

U∗
αi|νi⟩. (2.11)

where the elements Uαi form a unitary matrix known as the PMNS matrix:

U =



Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ2 Uτ3


 , (2.12)

named after Pontecorvo, Maki, Nakagawa, and Sakata, who first proposed the possibility of

neutrino-antineutrino oscillations [Pon58] and flavor mixing [Mak62]. The PMNS matrix

can be parameterized in terms of the mixing angles θij and a CP-violating phase δCP:

U =



1 0 0
0 c23 s23

0 −s23 c23






c13 0 s13e
−iδCP

0 1 0
−s13e

−iδCP 0 c13






c12 s12 0
−s12 c12 0
0 0 1


 , (2.13)

where cij = cos(θij) and sij = sin(θij) represent the cosine and sine of the respective

mixing angles.

If neutrinos are Majorana particles, meaning they are their own antiparticles, the PMNS

matrix requires further extension to include the Majorana phases α and β [Zub20]:

UMajorana =



1 0 0
0 e

iα 0
0 0 e

iβ


 . (2.14)

To observe neutrino oscillations experimentally, like in Super-Kamiokande and SNO, the

probabilities of flavor oscillations need to be derived by considering the evolution of the
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mass eigenstates during propagation. The transition probability is obtained by solving

the Schrödinger equation using a plane wave approach [Zub20], where also the mass

differences are incorporated. The solution, simplified for ultra-relativistic neutrinos, which

is the case relevant for most experiments, can be expressed as:

Pα→β = |⟨νβ|να (t,x)⟩|2 =
∑

i,j

U∗
αiUβiUαjU

∗
βie

− i
h̄
·
∆m2

ijc
3L

2E , (2.15)

where ∆m2
ij = m2

i −m2
j represents the difference in squared masses of the neutrino mass

eigenstates.

Given that the oscillation scales of solar and atmospheric neutrinos differ by more than an

order of magnitude [Nav24], it is often useful to simplify the discussion by considering

only two mass and flavor eigenstates.

For example, the oscillation probability for νe to oscillate into νµ, considering a single

mixing angle θ and assuming no CP violation, is given by:

Pνe→νµ = sin2 (2θ) · sin2

(
∆m2

12

4
· L
E

)
, (2.16)

where the probability depends on the squared mass difference ∆m2
12, the distance traveled

L, and the neutrino energy E. The characteristic oscillation length L0 can be determined

from the second term of Equation (2.16):

L0 = 4πh̄c
E

∆m2
= 2.48

E/MeV

∆m2/eV2m. (2.17)

Numerous neutrino oscillation experiments have been conducted to probe neutrino prop-

erties, with the results listed in Table 2.1. However, these experiments are sensitive to

the difference of squared masses (∆m2
), not the absolute neutrino mass. Consequently,

while they reveal much about oscillations, they do not directly determine the mass scale of

neutrinos.

2.2.1.2 Mass Hierarchy

Because neutrino oscillation experiments provide information only in the form of differ-

ences in squared masses, the absolute ordering of the neutrino masses remains uncertain.

This opens the possibility for different mass hierarchies. However, observations of the

MSW (Mikheyev-Smirnov-Wolfenstein) resonance in solar neutrino data [Wol78; Mik86]

have established thatm1 < m2, fixing the order of the first two mass states [Zub20]. Using

this information, the data can be arranged into two possible scenarios:

• Normal Ordering (NO):m1 < m2 < m3, or

• Inverted Ordering (IO):m3 < m1 < m2.
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Table 2.1: Overview of parameters obtained from oscillation experiments. Listed are the best-fit

values derived from a comprehensive analysis of globally available data from various oscillation

experiments. The data is sourced from [Nav24; Est24].

Oscillation Parameter Normal Ordering Inverted Ordering

sin2 θ12 0.307 ± 0.013 0.308
+0.012

−0.011

sin2 θ23 0.558
+0.015

−0.021
0.553

+0.016

−0.024

sin2 θ13 (2.19 ± 0.07) · 10
−2

0.223 10
+0.000 56

−0.000 56

δCP in πrad 1.19 ± 0.22 1.52
+0.12

−0.14

∆m2
21 in (eV/c2)

2
(7.53 ± 0.18) · 10

−5
(7.53 ± 0.18) · 10

−5

∆m2
32 in (eV/c2)

2
(2.455 ± 0.028) · 10

−3
(−2.529 ± 0.029) · 10

−3

10−3 10−1 101
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Figure 2.2: Comparison of normal and inverted mass ordering. The values of each of the three neutrino

mass eigenstates are depicted as a function of the mass of the lightest neutrino. The mass values are

calculated based on the data displayed in Table 2.1.

The differences in squared masses listed in Table 2.1 allow both mass hierarchy scenarios

to be visualized as functions of the smallest neutrino mass. This relationship is illustrated

in Figure 2.2.

In addition to the ordering of masses, a distinction can be made regarding the absolute

scale of the neutrino masses. When the smallest neutrino mass (m1 for NO orm3 for IO) is

much larger than the mass splittings - i.e., m2
1 ≫ |∆m2

31| for NO and m2
3 ≫ |∆m2

32| for
IO - the neutrino masses are referred to as degenerate, meaning the masses of all three

neutrino states would be approximately equal. One important constraint on the absolute

10



2 Neutrino Physics

mass of neutrinos can be derived from the largest mass splitting. This provides a lower

limit on the mass of the heaviest neutrino eigenstate [Est19; Est24]. For NO:

m3 >
√

|∆m2
31| = 0.05meV/c

2, (2.18)

and

m2 >
√
|∆m2

32| = 0.05meV/c
2

(2.19)

for IO.

2.2.2 Neutrino Mass Generation

The previous sections provided a summary of the initial indication that neutrinos possess

mass, a fact that is incompatible with the SM in its current form. To address this, it is

helpful to first understand how fermions in the SM acquire mass, which is discussed in

Section 2.2.2.1, followed by two examples of how the neutrino mass problem can be resolved

with minimal extensions to the SM, as covered in Section 2.2.2.2. The primary source for

this discussion is [Zyl20], unless otherwise noted.

2.2.2.1 Fermionic Masses in the SM - the Yukawa Coupling

In the SM, fermions acquire mass through the Yukawa coupling to the Higgs field ϕ,
via spontaneous symmetry breaking. For the lightest charged lepton (the electron), this

coupling can be expressed as:

−LYukawa = λeL̄eϕeR + h.c. (2.20)

where Le = (νe,L, eL) is the left-handed lepton doublet, which contains both the left-handed
electron neutrino and the left-handed electron, and eR is the right-handed electron. The

free coupling constant, λe, governs the interaction strength.

Once the Higgs field acquires a vacuum expectation value, v, due to electroweak symmetry

breaking, the Yukawa coupling becomes:

−LYukawa = λe

v√
2
[ēReL + ēLeR] (2.21)

where the vacuum expectation value is v ≈ 246GeV [Nav24]. As expressed in Equa-

tion (2.21), the Yukawa interaction term only applies to fermions that have both left- and

right-handed components. However, since the SM lacks right-handed neutrinos, no Yukawa

term can be constructed for neutrinos, leaving them massless in the SM framework.

11



2 Neutrino Physics

2.2.2.2 Sterile Neutrinos

The issue of neutrino mass generation in the SM could be resolved by introducing additional

neutrino states beyond the SM. A particularly simple extension involves introducing right-

handed neutrinos, which do not interact via the weak force, leaving only gravitational

interactions. These hypothetical particles are referred to as "sterile" neutrinos. With the

addition of right-handed neutrinos, a Dirac mass term analogous to the mass generation

mechanism for charged leptons (as shown in Equation (2.21)) can be introduced:

LD = −mDν̄LνR + h.c. (2.22)

For this model to account for the smallness of the observed neutrino masses, the coupling

constant λν must be extremely small, on the order of λν ∼ 10
−11

[Zyl20].

Alternatively, a combination of Dirac and Majorana mass terms can be considered [Zub20].

While Majorana mass terms blur the distinction between neutrinos and antineutrinos, the

distinction between left- and right-handed neutrinos is retained. The addition of Majorana

mass terms results in two heavy, sterile neutrinos (NL,R) with distinct massesmL andmR.

This is described by the following Lagrangian:

L =
1

2

(
ν̄L N̄

C
L

)(mL mD

mD mR

)(
νC
R

NR

)
+ h.c., (2.23)

where C denotes the charge conjugation operator, transforming the neutrinos into their

corresponding antiparticles.

The mass eigenvalues are derived by diagonalizing the mass matrix, leading to two real

mass eigenvalues:

m̃1,2 =
1

2

(
(mL +mR)±

√
(mL −mR)

2 + 4m2
D

)
(2.24)

Three distinct cases can be identified from this expression [Zub20; Zyl20; Pov15]:

1. Pure Dirac Case: IfmL = mR = 0, then m̃1,2 = mD. In this case, the neutrino is a

Dirac particle, which can be thought of as a pair of degenerate Majorana neutrinos.

2. Pure Majorana Case: IfmD = 0, the mass eigenvalues are simply m̃1,2 = mL,R. In

this case, the neutrinos have a purely Majorana nature.

3. Seesaw Mechanism: If mR ≫ mD andmL = 0, the two mass eigenvalues become

m1 =
m2

D

mR

and m2 ≈ mR. Here, m1 corresponds to the mass of the active neutrino

(which participates in weak interactions), while m2 represents the much heavier

sterile neutrino. In this scenario, the active neutrino mass is suppressed by the mass

of the sterile neutrino, explaining the small neutrino masses observed in experiments.
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2.2.3 Experimental Determination of the Neutrino Mass

Since none of the mechanisms presented in the previous section inherently predict the

neutrino mass, several experiments are currently underway, aiming to determine it. These

experiments follow various approaches, such as using cosmological observations (discussed

in Section 2.2.3.1), investigating neutrinoless double β-decay (outlined in Section 2.2.3.2),

or employing direct kinematic β-decay measurements (as shown in Section 2.2.3.3).

2.2.3.1 Cosmological Observations

Neutrinos are extremely abundant in the universe, with a density of 336 cm
−3
remaining

today from the big bang [Bil10]. Although their individual masses are tiny, their sheer

number allows them to have a significant impact on the evolution of large-scale structures

in the universe. Since neutrinos interact rarely and have a low mass, they are capable

of escaping dense matter clumps and carrying away energy. This behavior, which can

influence structure formation, is described by the free streaming length, a parameter that

depends, among other things, on the sum of the light neutrino mass eigenvalues and

described how far neutrinos can travel without significant interactions or clustering due to

gravity [Bil10].

Cosmological observations are sensitive to the sum of the neutrino masses rather than

individual mass eigenstates. Their mass impacts several observable phenomena, which

have been measured using various astrophysical surveys and satellites. Key examples

include [Nav24]:

• Matter Power Spectrum: The power spectrum quantifies density fluctuations in

the universe, and the mass of neutrinos contributes to the suppression of small-scale

structures. Relevant features include:

1. Baryon Acoustic Oscillations (BAO): BAOmeasures density fluctuations that

occurred in the early universe, creating a characteristic scale found in the spatial

distribution of galaxies. The BAO scale, investigated by the Baryon Oscillation

Spectroscopic Survey (BOSS), is sensitive to changes in the expansion rate and

growth of structure, which both provide a sensitive probe of neutrino masses

[Ala21; Bri22].

2. Weak Gravitational Lensing: The weak lensing of background light by large-

scale structure, as investigated by the Dark Energy Survey (DES), offers another

avenue to constrain neutrino mass [Abb18; Abb22].

• Temperature Anisotropies in the Cosmic Microwave Background (CMB):
Neutrinos leave their mark on the CMB through the late Integrated Sachs-Wolfe

effect [Sac67], which impacts the large-scale temperature fluctuations. This effect is

measured by satellite missions like Planck [Agh20] or earth-bound installations like

the Atacama Cosmology Telescope [Mad24].
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• Supernova Redshift Surveys: Surveys such as Pan-STARRS1 [Ton12], the Sloan

Digital Sky Survey (SDSS) [Yor00], and the Hubble Space Telescope [BAH86] invest-

igate the redshift of distant supernovae to determine the expansion history of the

universe, which also helps constrain the sum of neutrino masses [Sco18].

The impact of neutrino mass on these cosmological observables has allowed experiments

to place constraints on the sum of the neutrino masses. Current results, as reported in

[Nav24], give:

∑
mν < (0.082 to 0.54) eV/c

2
at 95 % CL. (2.25)

The precise value depends on the specific combination of datasets and assumptions used.

In fact, the Particle Data Group (PDG) lists up to 12 different values of the neutrino mass

sum, reflecting the inherent model dependence of these constraints [Nav24].

Understanding the ramifications of the underlying models used to derive cosmological

constraints on neutrino mass is critical, especially in light of ongoing debates such as the

Hubble tension [Di 21]. The underlying reason for the discrepancy between local and

early-universe measurements of the Hubble constant could directly affect how neutrino

mass is inferred from cosmological data [Nav24].

2.2.3.2 Neutrino-Less Double β-Decay

A more exotic method to explore the neutrino mass is by investigating neutrinoless double

beta decay (0νββ).

In standard double beta decay, which is a second-order weak process, two neutrons

in a nucleus decay simultaneously into two protons, two electrons, and two electron-

antineutrinos:

(A,Z) → (A,Z + 2) + e
− + e

− + ν̄e + ν̄e (2.26)

However, in the case of a Majorana neutrino, which is its own antiparticle, the process

could occur without emitting neutrinos [Fur39]. This is because, as a Majorana particle, the

neutrino would not violate lepton number conservation, when annihilating with another

neutrino. In such a case, the following decay could take place:

(A,Z) → (A,Z + 2) + e
− + e

−
(2.27)

In this process, a virtual neutrino emitted by one neutron is immediately absorbed as an

antineutrino at another neutron, resulting in the emission of only two electrons. Without

any neutrinos to carry away energy, the decay would produce a mono-energetic spectrum

in the electron emissions, if the nuclear recoil is neglected.

To date, no 0νββ event has been observed. However, the absence of such an observation,

along with the amount of target material used in experiments, allows to place upper limits
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Table 2.2: 0νββ0νββ0νββ experiments and their respective results. None of the experiments reported a detected

event, leading to the listed upper limits for mββ, which are derived from the total observation time

and the total isotope mass.

Experiment Isotope Upper limit formββ Reference

GERDA
1) 76

Ge (79 to 180)meV/c
2
at 95 % CL [Ago20]

CUORE
2) 128

Te (90 to 305)meV/c
2
at 90 % CL [Ada22]

KamLAND-Zen
3) 136

Xe (35 to 156)meV/c
2
at 95 % CL [Abe23]

AMoRE
4) 100

Mo (210 to 610)meV/c
2
at 95 % CL [Agr24]

1)
GERmanium Detector Array

2)
Cryogenic Underground Observatory for Rare Events

3)
Kamioka Liquid Scintillator ANtineutrino Detector-Zen

4)
Advanced Mo-based Rare process Experiment

on the decay rate. The half-life of this process is directly related to the Majorana neutrino

mass:

(
T 0ν
1/2

)−1 ∝ |mββ|2 (2.28)

This relation enables the derivation of limits on the effective Majorana mass. Four experi-

ments recently provided upper limits of their search for 0νββ events of different isotopes,

as listed in Table 2.2.

While this method of determining the neutrino mass in a laboratory is less reliant on

theoretical models compared to approaches using cosmological observations, it is fully

contingent on the assumption that neutrinos are Majorana particles.

2.2.3.3 Neutrino Mass Determination Using the β-Decay Kinematic

Another largely model-independent method to determine the neutrino mass in a laboratory,

without the reliance on the Majorana nature of neutrinos required for 0νββ-decay, is

through high-precision measurements of weak decays like β-decay or electron capture.

The β-decay is a process where a nucleus transitions by emitting an electron (or positron)

and a corresponding neutrino (or antineutrino), with the reaction written as:

(A,Z) → (A,Z + 1) + e
− + ν̄e, (2.29)

(A,Z) → (A,Z − 1) + e
+ + νe, (2.30)

and the electron capture as:

(A,Z) + e
− → (A,Z − 1) + νe. (2.31)
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In the case of β-decay, the Q-value is defined as the energy difference between the parent

and daughter nuclei:

Q = (m (A,Z)−m (A,Z + 1)) c2 (2.32)

For a massless neutrino and no excitation of the daughter nucleus, the so-called endpoint

energy E0 can be expressed as

E0 = Q− Erec (2.33)

where Erec is the recoil energy of the nucleus. If the neutrino has a non-zero mass, the

shape of the β-spectrum near the endpoint E0 will be affected, resulting in a shift that

provides information about the neutrino mass.

This approach is currently pursued by several experiments, utilizing either (molecular)

tritium (
3
H2 ot T2) [Ake21a], which has an endpoint energy of 18.6 keV [Med23], or

163
Ho via electron capture (Equation (2.31)) [Gas14; Vel19; Bor23], which has a Q-value

of (2863.2 ± 0.6) eV [Sch24b]. The next section will provide a detailed description how to

determine the neutrino mass using tritium β-spectroscopy.

2.3 Direct Kinematic mν Determination using Tritium
β-Spectroscopy

Prominent examples of direct kinematic neutrino mass determination, as discussed in

Section 2.2.3.3, include the Mainz [Kra05], Troitsk [Ase11], and Los Alamos [Wil91] ex-

periments. The efforts of the Mainz and Troitsk experiments culminated in an upper limit

of mν = 2 eV [Ott08], and are further supplemented by the ongoing KATRIN experiment,

which will be described in detail in Chapter 3.

All of these experiments utilized the tritium β-decay:

T → 3
He

+ + e
− + ν̄e. (2.34)

While the rationale for choosing tritium is discussed in Section 3.1, this section focuses

on outlining the necessary theoretical framework to extract the neutrino mass from the

tritium β-spectrum.

This reaction provides a pathway for direct, kinematic, and largely model-independent

determination of the neutrino mass. It does not depend on fundamental assumptions

such as the Majorana nature of neutrinos but instead relies solely on the well-understood

β-decay model [For21].

Fermi’s golden rule allows calculation of the energy distribution Γ for the β-electron

emitted by the decaying tritium nucleus of a T2 molecule [Fer34; Ott08]. Assuming natural

16



2 Neutrino Physics

units h̄ = c = 1, it can be expressed as:

dΓ

dE
=
G2

F
cos2 (θC)

2π3
|Mnuc|2 F (Z,E)(E +me) ·

√
(E +me)

2 −m2
e

·
∑

i

ζiϵi

√
ϵ2i −m2

νΘ(ϵi −mν) . (2.35)

In this expression:

GF : Fermi coupling constant

θC : Cabibbo angle

|Mnuc|2 : Nuclear matrix element

F (Z,E) : Fermi function

ζi : Probability to occupy molecular final state

ϵi =E0−Vi−E : Neutrino energy, with the molecular excitation energy Vi

Θ(ϵi −mi) : Heaviside function to ensure energy conversation

mi : Neutrino mass eigenstates (i = 1,2,3)

The molecular Final-State Distribution (FSD) is included in the equation with ζi and Vi,

where ζi describes the probability that a given energy Vi from the β-decay of T2 will be

retained as excitation energy in the molecular daughter ion
3
HeT

+
[Dos06; Sae00].

The resulting β-electron-spectrum is shown in Figure 2.3, illustrating both the case of a

vanishing neutrino mass and a non-zero mass ofmν = 1 eV. This highlights the distinctive

signature of the neutrino mass in the spectrum, manifesting as a subtle shift in the shape

near the endpoint region.

High-precision measurements focus on the endpoint region, which contains only about

2 · 10
−13

of the total emitted electrons within 1 eV around E0. By comparing the gathered

data to a model based on Equation (2.35), it becomes possible to extract the neutrino mass

from the tritium β-spectrum [Kle19].

This simplified explanation provides a direct approach to measuring the neutrino mass

by analyzing the shape of the electron spectrum near the endpoint. For a more detailed

explanation, the reader is referred to [Ake21b].

It should be noted that throughout the remainder this work, no distinction is made between

the mass of a neutrino and the mass of an antineutrino. Consequently, the term "neutrino"

will be used indiscriminately to refer to both neutrinos and antineutrinos.
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Figure 2.3: Impact of the neutrino mass on the tritium βββ-spectrum. The shape of the spectrum can be

calculated using Equation (2.35). A non-vanishing neutrino mass alters the shape near the endpoint,

resulting in a shift.

18



3 The KATRIN Experiment

The Karlsruhe Tritium Neutrino (KATRIN) experiment is specifically designed to determine

the neutrino mass using tritium β-spectroscopy, as described in Section 2.3. It is the direct

successor to the Mainz [Kra05] and Troitsk [Ase11] neutrino mass experiments, which

collectively established an upper limit on the neutrino mass of 2 eV/c
2
. KATRIN is hosted

in the Tritium Laboratory Karlsruhe (TLK) and features an ultra-stable high luminosity

tritium source with up to 10
11
Bq and a high-resolution MAC-E filter

1
with an energy

resolution on the order of eV. It is expected to achieve a final sensitivity of better than

0.3 eV/c
2
at 90 % CL [Ake24a].

Unless otherwise indicated, [Ake21a; Ang05] will serve as the source for the content in the

following sections.

An overview of the experimental setup, approximately 70m in length, is shown in Figure 3.1.

The setup consists of the Source and Transport Section (STS), which includes the Rear

Section (RS), the Windowless Gaseous Tritium Source (WGTS), and the transport and

pumping section on one end, while the Spectrometers and Detector Section (SDS) is located

on the other end.

The measurement principle is based on tritium β-decay. The β-electrons are generated in

the WGTS, a component that is described in more detail in Section 3.1. These electrons

are then guided in a magnetic flux tube either "downstream" along the beam line towards

the detector or "upstream" towards the Rear Wall. In the downstream path, electrons pass

through the Differential Pumping Section (DPS) and the Cryogenic Pump Section (CPS),

as discussed in Section 3.2. These sections are designed to prevent tritium from entering

the SDS. In this part of the setup, explained in Section 3.3, the Main Spectrometer (MS)

functions as a high-pass filter, applying a blocking potential that allows only electrons

with sufficient energy to pass towards the Focal Plane Detector (FPD), where they are

detected.

Conversely, in the upstream direction, the RS is responsible for calibration and monitoring,

as explained in Section 3.4, with the Rear Wall serving as its core component, detailed in

Section 3.5.

To measure the integral tritium β-spectrum, the rate of electrons reaching the FPD at

different retarding potentials Uret applied to the MS is measured repeatedly. The specific

measurement points and times are defined by the Measurement Time Distribution (MTD).

Each cycle of the MTD consists of a series of measurement points together referred to

1
Magnetic Adiabatic Collimation with an Electrostatic filter
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Figure 3.1: Illustration of the KATRIN experiment. Tritium inside the source emitsβ-electrons which are
transported adiabatically towards the main spectrometer. This MAC-E filter acts as an electrostatic

high-pass filter for the electrons, allowing for measurement of the integral tritium β-spectrum with

the FPD. Illustration as published in [Ake22a] under the CC BY 4.0 license http://creativecommons.

org/licenses/by/4.0/.

as a "run," with a typical duration of 3.5 h. These "KATRIN neutrino mass campaigns"

(KNM) recorded during a measurement campaign - designated KNM1, KNM2, and so forth

- are combined for subsequent analysis. Typically, a maintenance phase occurs between

measurement campaigns.

3.1 The Windowless Gaseous Tritium Source

As mentioned in Section 2.3, KATRIN uses tritium β-decay to determine mν. Tritium

is a favorable β-emitter for neutrino mass determination due to several advantageous

properties [Ott08]:

• Short half-life of about 12.3 a due to the superallowed transition T→3
He. This

means that a comparatively low inventory of radioactive material is sufficient to

establish a high decay rate [Luc00].

• LowQ value of about 18.6 keV, which results in a low endpoint energy E0 of the

spectrum. This minimizes the relative proportion between the absolute energy of

the events of interest and the actual effect of the neutrino mass on the spectrum

[Mye15].

• Simple theoretical description of the decay, as tritium has an atomic number of

Z = 1 [Zub20], which minimizes Coulomb interactions between the decay electron

and the nucleus. Using a gaseous tritium source containing T2 further enhances this
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advantage, as the simple structure of the molecule and its daughter molecule
3
HeT

+

allows quantitative calculation of the final state distribution [Sae00; Dos06; Dre13;

Bod15].

To provide tritium for the measurement, KATRIN utilizes its Windowless Gaseous Tritium

Source (WGTS), with an activity of up to 1 · 10
11
Bq [Ake21a]. The WGTS can be operated

at different temperatures, such as 30 K, 80 K, and 100 K, and allows for the addition of
83m

Kr

to tritium for calibration measurements. This facilitates the quantification of various source

parameters otherwise not directly accessible, such as plasma density and the electron

energy-loss function [Alt20; Rod23]. To prevent krypton from freezing out, the beam tube

is operated at temperatures between 80 K and 100K in this mode.

The tritium source is established by circulating tritium through the source tube, forming

a column of gas. Continuous injection of tritium into the center of the source tube and

evacuation at both ends by differential pumping sections (DPS1-R/F) creates a stationary gas

profile [Mar20], resulting in constant activity within the source. The activity is determined

by the number of tritium atoms inside the WGTS, which is represented by the column

density ρd. The number of tritium atoms NT can be expressed as:

NT = ρd · AWGTS · εT · 2, (3.1)

where AWGTS is the cross-sectional area of the WGTS, and

εT =
NT2 +

1
2
(NHT +NDT)∑

i Ni

(3.2)

represents the tritium purity in the gas which is continuously monitored by a Laser-Raman-

System [Zel24; Ake20a]. The tritium purity typically varies between (97 to 99) % [Ake24a].

The gas mixture usually contains all isotopologues Q2, where Q can be H, D, or T. However,

since the tritium concentration is high, T will be used throughout this work for simplicity,

even in cases where it could be H or D.

The column density is stable to better than 0.1 % h
−1
[Stu21], and the high purity of tritium

gas can be maintained largely due to the specifically for this task designed KATRIN Loop

System. A simplified schematic of the Inner Loop System is shown in Figure 3.2.

Pure tritium from the Outer Loop System flows into the intermediate buffer vessel B2.

The gas then passes through a regulation valve into the pressure-stabilized buffer vessel

B1. From B1, the tritium is injected into the source via the tritium injection capillary.

The tritium then streams toward the far ends of the source tube, where it is evacuated

and passed through a palladium membrane filter (permeator), which is only permeable to

hydrogen isotopes [Got70; Bor05]. Any non-hydrogen impurities are filtered out, allowing

the purified tritium to be reused, while the waste is removed for reprocessing.
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Figure 3.2: Schematic of the inner loop, depicting the tritium circulation path of for different op-

eration modes of the WGTS. Illustration adapted from [Mar22] under the CC BY 4.0 license

http://creativecommons.org/licenses/by/4.0/.

An additional operational mode is realized by splitting the gas stream into roughly equal

parts (see E in Figure 3.2), re-injecting one part of the gas pumped out from the source

back into the source via the tritium+krypton injection capillary, while the other part passes

through the permeator and is then re-injected via the tritium injection capillary. Initially

designed for mixed calibration measurements with tritium and krypton, this configuration

has been adapted as the standard circulation mode from KNM4 onwards and is known

as the "80 K mode" [Ake24a]. This mode allows for measurements to be conducted under

the same conditions as krypton calibration measurements, including operating at krypton-

compatible temperatures of 80 K. Another difference from the "30 K mode" is that part

of the gas stream bypasses the permeator, potentially leading to a reduced removal of

impurities, such as hydrocarbons.

An in-depth explanation of the loop system and the working principles of the various

subsystems can be found in [Stu10; Mar20; Mar22].

The electrons originating from the decay of tritium are adiabatically guided towards the SDS

by a magnetic flux tube generated by a magnetic field of 2.5 T, created by superconducting

solenoids surrounding the source tube.
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3.2 The Transport Section

While the electrons emitted in the WGTS need to be adiabatically guided towards the

SDS and be able to reach their destination unobstructed, it is crucial to reduce the tritium

flow from the injection point to the spectrometer by 14 orders of magnitude. Any residual

tritium entering the spectrometer would create a significant background source. Electrons

produced in the spectrometer would originate from a different starting potential, causing

their energy to shift towards higher values compared to those emitted in the WGTS.

Any tritium gas that is not removed by the pumps at the end of the WGTS is pumped out by

the Differential Pumping Section (DPS) and Cryogenic Pump Section (CPS), before being

returned to the Outer Loop for reprocessing [Wel17]. During full operation, the KATRIN

source has a tritium throughput of about 40 grams per day [Wel17; Stu21].

3.2.1 Differential Pumping Section

The DPS is responsible for reducing the tritium flow by seven orders of magnitude before

it reaches the CPS. The first stage, DPS1-F, located at the end of the WGTS, achieves a

reduction in tritium flow by two orders of magnitude. Further pumping is performed by

the DPS2-F [Ake21a].

Since windows would obstruct the path of the electrons, the DPS is designed to permit the

unobstructed guidance of electrons while blocking the flow of neutral T2.It achieves this by

forming a chicane, ensuring that neutral tritium collides with the beam tubewalls, hindering

its flow and facilitating pumping by six Turbomolecular Pumps (TMPs), which reduce

the tritium flux by five orders of magnitude. The DPS also contains five superconducting

solenoids, with the second and second-to-last solenoids tilted by 20°, creating a magnetic

field of more than 5 T to guide the electrons through the chicane.

To prevent tritiated ions from following the magnetic guiding field, as the electrons do, an

additional electrode system is installed inside the DPS beam tube. Ring electrodes apply a

potential between (5 to 40) V to block the ions, while dipole electrodes induce an E ×B
drift, moving ions onto dedicated metal surfaces where they are neutralized [Fri20]. The

neutralized tritium is then pumped out by the TMPs.

3.2.2 Cryogenic Pumping Section

The primary goal of the CPS is to further reduce the tritium flow by at least seven orders

of magnitude, resulting in a maximum allowed tritium flow of less than 1 · 10
−14

mbar L s
−1

after this section.

The CPS features a chicane similar to the DPS, consisting of five segments, with two

segments tilted by 15°. This configuration ensures that any neutral tritium collides with

the walls. Electrons continue to be guided adiabatically by superconducting magnets.
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All CPS segments are housed inside a cryostat, cooled to (3 to 4) K [Röt23; Ake21a]. The

beam tube walls are gold-plated and covered with a condensed layer of argon frost, which

serves as a cryosorption pump to capture tritium [Kaz08; Gil09; Jan15].

As tritium accumulates on the walls, a threshold of 1 Curie (3.7 · 10
10
Bq) is defined to

comply with radiation safety regulations. Under standard measurement conditions, this

threshold would be reached after more than one year of operation [Ake21a]. To avoid

surpassing this limit, the argon layer is periodically regenerated by warming the beam

tube walls and purging the system with helium. This procedure effectively removes the

argon and tritium, after which a new argon frost layer is prepared, following the process

described in [Jan15; Röt19].

3.3 The Spectrometer and Detector Section

The Spectrometers and Detector Section (SDS) of KATRIN consists of two MAC-E filters,

the Pre-Spectrometer (PS) and Main Spectrometer (MS), as well as the Focal Plane Detector

(FPD), as shown in Figure 3.1. The PS can be used for coarse filtering of low-energy

electrons but has been set to a reduced potential since KNM4 to achieve further background

reduction [Ake24a]. Essentially, the PS functions similarly to a smaller version of the MS

and is also equipped with a picoamperemeter connected to the inner electrode system,

which allows in-situ monitoring of the residual ion flux entering the spectrometer section

[Kle19]. The MS is responsible for the precise energy determination of electrons near

the endpoint region by functioning as a high-pass filter. Electrons that pass this filter are

subsequently detected by the FPD.

3.3.1 Pre and Main Spectrometer

Both the PS and MS operate under the principle of MAC-E filter [Bea80; Lob85; Pic92a]. In

this technique, a combination of magnetic fields produced by superconducting solenoids at

the entrance and exit of the spectrometer, and an electric potential to create a potential

barrier, is used to filter the electrons based on their energy. A schematic of the magnetic

field, the corresponding components, and the paths of different electrons, illustrating the

MAC-E filter principle, is shown in Figure 3.3. To shape the electro-magnetic field, the MS

is surrounded by the Low Field Correction System (LFCS) and contains Inner Electrodes

(IE).

The working principle of a MAC-E filter is as follows: An electron arriving from the Source

and Transport Section (STS) is guided by the magnetic field towards the center of the

spectrometer where the analyzing plane is located. In this process, the magnetic gradient

force

F⃗ = ∇⃗
(
µ⃗ · B⃗

)
(3.3)
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transforms the cyclotron energy (E⊥) of the electron into longitudinal energy (E∥), while
conserving the total energy. This is achieved as long as the relative change in the magnetic

field strength is small over the electron cyclotron radius. In such a case, the process is

adiabatic, and the magnetic moment (µ) is conserved:

µ =
E⊥
B

= const. (3.4)

The field configuration is designed in such a way thatE⊥ becomes minimal at the analyzing

plane, where the magnetic field (B) is reduced to about 0.5mT, as shown in Figure 3.3. An

electron can only pass through the analyzing plane if its energy (E) exceeds the applied

electrostatic blocking potential (Umax):

E∥ = E · cos2 θ > e · Umax, (3.5)

where θ is the pitch angle of the electron. Electrons that do not meet this condition are

reflected. The energy resolution is given by

∆E

E
=

Bmin

Bmax

, (3.6)

from which follows ∆E = 0.93 eV at 18.6 keV according to design configuration.

For electrons with high surplus energy, the process can become non-adiabatic. This effect

is of particular interest for the measurements discussed in Section 6.1.2.2, and is detailed in

[Hub21].

During KNM3, the Shifted Analyzing Plane (SAP) configuration was introduced, as shown

in Figure 3.4, and is explained in detail in [Lok22; Ake24b]. This setting serves the sup-

pression of background. However, this configuration results in a broader filter width for

the spectrometer, with ∆E = 2.8 eV, due to the higher magnetic field of 0.63mT in the

analyzing plane, as given by Equation (3.6). Nevertheless, the higher magnetic field is

beneficial for probing deeper into the beta spectrum due to an increased suppression of

non-adiabatic effects, as discussed in Section 6.1.2.2. The asymmetric geometry of the

analyzing plane also necessitates a patch-wise analysis of the data.

3.3.2 Focal Plane Detector

The Focal Plane Detector (FPD) is a silicon p-i-n diode wafer, segmented into 148 pixels

[Ams15], and can be subdivided into 14 patches to account for the asymmetry in the

potential under the SAP setting, as shown in Figure 3.5. The FPD is located behind the

pinch magnet, which generates the highest magnetic field Bpch along the entire KATRIN

beamline with Bpch = 4.2 T, merging the field lines after the MS, guiding all transmitted

electrons towards the FPD. The FPD itself is again housed inside the detector magnet,
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Figure 3.3: The MAC-E filter principle. Superconducting solenoid magnets together with electrodes and

normal-conducting solenoids (air coils) shape the magnetic and electric fields adiabatically align

the electron momenta, maximizing the parallel component in the analyzing plane. Depending on

their energy and the applied potential Umax the electrons can pass and reach the detector (a) or are

reflected (b) . Electrons originated from inside the spectrometer volume may remain trapped due to

the magnetic bottle effect at both ends (c). Illustration as published in [Ake21a] under the CC BY 4.0

license http://creativecommons.org/licenses/by/4.0/.

achieving the same field strengths. The value of Bpch along with the strength of the field in

which the electron is emitted, Bsource, defines the maximum acceptance angle [Gro15]:

θmax = sin−1

√
Bsource

Bpch

. (3.7)

All electrons which are emitted with a polar angle above this will be reflected at the pinch

magnet and will not reach the detector.

The detector has a high efficiency of εFPD ≥ 90 % for electrons in the signal region and is

regularly calibrated using an
241

Am calibration γ-source. Electrons reaching the detector

are further accelerated by a Post-Acceleration Electrode (PAE) applying an additional

potential of 10 kV.

A detailed description of the detector hardware, Data Acquisition (DAQ) system, and

associated software, can be found in [Ams15; Ake21a]. However, in the scope of this

work, measurements with high rates were performed, where pile-up is a concern (see

Section 6.1.2.2). Therefore, the filtering applied for event registration is summarized here,

based on [Ams15; Ake21a].
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Figure 3.4: Shifted analyzing plane configuration. The upper panel depicts the magnetic flux tube

geometries and the respective analyzing plane for different settings in comparison to the main

spectrometer. Vdown is the downstream flux tube volume. In the lower panel the electric retarding

potential and the magnetic field for different settings is depicted. Illustration as published in [Lok22]

under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0/.

When an electron hits the detector, it produces a step response in the signal, with the step

height proportional to the electron energy. The typical rise time of this signal is on the

order of 100 ns, while the fall time is on the order of 1ms.

A series of trapezoidal filters detects steps in the digitized waveform, defined by the shaping

length L and gap length G, measured in Analog-to-Digital Converter ADC time bins. The

filtered signal output Si is calculated from a moving sum of previous trace values. The

output of the first filter reaches its maximum L time bins after the step, indicating the

step height. A second filter with a shaping length of L/2 produces a zero-crossing at the
peak of first filter. Triggers occur when zero-crossings in the second filter align with
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Figure 3.5: SAP-Patches with their assigned pixels on the segmented pixel map of the FPD. The assign-

ment of pixels to their respective patches is determined based on the transmission properties of the

spectrometer for electrons detected at each pixel. White pixels are excluded from the analysis.

energy thresholds in the first. Larger L values optimize energy resolution, while shorter

L improves timing. Figure 3.6 shows the application of this cascade to a sample signal,

including a single detected electron and two electrons arriving within the shaping length.

Initially, a cascade of two filters was used, where the zero-crossing of the output of the

second filter triggered the recognition of an event if the corresponding value of the first

filter output was above a threshold. The value of the first filter output was then used as

the energy measurement. In the case of pile-up, as shown in Figure 3.6b, two electrons
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3 The KATRIN Experiment

Trapezoidal Filter Simulation, single electron
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(a) Single-electron event

Trapezoidal Filter Simulation, two electron pile-up
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(b) Two-electron pileup

Figure 3.6: Simulation of the trapezoidal filter behavior on a single-electron and two-electron event,

for three subsequent application of the filter. Illustration as published in [Ake21a] under the CC BY

4.0 license http://creativecommons.org/licenses/by/4.0/.

arriving within the shaping length would be recognized as a single event, with an energy

equivalent to that of a single electron.

However, the shape of the second filter output contains additional information about the

energy. To make use of this, a third layer of trapezoidal filter was added. For each trigger,

the amplitudes and timestamps of the peak and valley - denoted as Apeak, Tpeak, Avalley, and

Tvalley - of the second filter output are recorded for each zero-crossing of the third filter

output. This allows for correction of some pile-up events, increasing the rate limit from

1 kcps/pixel to 100 kcps/pixel, according to simulations.

3.4 Rear Section

Opposite to the SDS on the other end of the WGTS is the Rear Section (RS), which contains

several calibration and monitoring devices for the WGTS column density and electromag-
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3 The KATRIN Experiment

netic characteristics along the beamline. A central part of the RS is the gold coated Rear

Wall. Due to its importance for both, KATRIN and this work, the Rear Wall is discussed

in detail in Section 3.5. This section continues the technical discussion of the RS and its

components peripheral to the Rear Wall. The RS can be subdivided into three main sections:

the Rear Wall chamber, the mid chamber and the e-gun chamber.

3.4.1 The Electron Gun

At the far end of the RS is the e-gun chamber, housing the electron gun (e-gun), which

is an angular selective, monoenergetic electron source used for Column Density (CD)

measurements and determination of the energy loss function experienced by electrons

traveling through the WGTS [Sch21]. This is needed to define the response function that

combines the theoretical spectrum described in Section 2.3 with the recorded β-spectrum

[Kle19]. The E-gun produces photoelectrons by UV illumination of a metallic cathode at a

constant rate [Beh17]. The light is delivered through an optical fiber to the back of the thin

photocathode surface, where photoemission occurs. The electrons are then accelerated

to the desired energy and steered using dedicated electrodes [Ake21a]. Electrons are

magnetically guided through a central hole in the Rear Wall into the flux tube in the WGTS,

and magnetic dipole coils located in the WGTS allow steering of the electron beam in both

vertical and horizontal directions, enabling selection of the pitch angle θ between 0° and 90°

at the pinch magnet. The energy width of the electron beam is less than 0.5 eV [Ake21a].

To ensure a sufficiently good vacuum, particularly for the high-voltage components of the

electron gun, additional pumping capacities are required. These are housed in the so-called

mid-chamber, which is located directly adjacent to the electron gun chamber.

3.4.2 UV Illumination of the Rear Wall

Connected to the mid-chamber by a long DN-CF63 pipe passing through the Re-Condenser

Superconducting Magnet (RSCM) is the Rear Wall chamber, which links to the WGTS

DPS1-R. While its primary function is to house the Rear Wall, it also contains additional

monitoring tools and instrumentation. Adjacent to the Rear Wall are additional features,

including an optical port and a UV lamp. Initially, a Cermax
®
xenon lamp

2
was used,

which was later replaced by two MiniZ
3
mercury-UV (Hg-UV) lamps. The lamps are

located behind two vacuum viewports
4
at a distance of roughly 550mm. A sophisticated

optical setup was designed for the former lamp to ensure homogeneous illumination of

the Rear Wall [Ful20]. The Cermax
®
lamp provides approximately 0.3W of UV power in

the wavelength range of (200 to 266) nm to produce photoelectrons from the Rear Wall.

These photoelectrons were used to probe the electrical potential inside the beamline and to

2
Perkin Elmer, 06484 CT, United States., Type Cermax

®
PE1000DUV (lifetime 1000 h)

3
RBD Instruments, 97701 OR, United States. miniZ Water Vapor Desorption System

4
HPFS Corning code 7980
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3 The KATRIN Experiment

desorb bound water and possibly other species on the Rear Wall (see Section 5.2.3). Later,

the lamp was replaced by two MiniZ Hg-UV lamps with 24W of electrical power, emitting

discrete lines at wavelengths of 185 nm and 253 nm.

3.4.3 β-Induced X-ray Spectrometry

Two Beta-Induced X-ray Spectrometry (BIXS) systems monitor the source activity, as

described in detail in [Röl15]. These systems utilize a Silicon Drift Detector (SDD)
5

The functional principle of BIXS involves the detection of X-rays emitted as a result of

tritium β-electrons interacting with materials [Mat07]. These X-rays are created via two

main processes:

Characteristic X-Rays When β-electrons interact with matter, they transfer energy

through ionization and inelastic scattering [Bet32]. After ionization, an electron from a

higher orbital may fill the vacancy, releasing energy as a photon. The energy is characteristic

of the corresponding atom and involved orbital [Hak01]. For atoms with atomic number

Z ≥ 4, these energies fall in the X-ray region.

Bremsstrahlung: Additionally, β-electrons can be deflected by the Coulomb field of atoms.

Since the electrons are accelerated during this process, they emit electromagnetic radiation

(bremsstrahlung). The radiative energy loss per path length is given by:

(
dE

dx

)

Rad

=
4naZ2α3(h̄c)2E

m2
e
c4

ln
a(E)

Z1/3
, (3.8)

where na is the atomic density,Z is the atomic number of the material, α is the fine structure

constant, and a accounts for the impact parameter of the scattering [Dem17]. The intensity

distribution of bremsstrahlung is continuous and can be described by Kramers’ rule:

I(λ)dλ = K

(
λ

λmin

− 1

)
1

λ2
dλ, (3.9)

whereK is a material-specific constant, and λmin is the minimum wavelength that a photon

can have if an electron with a given energy Ee transfers it completely to the photon [Lag77;

Kra23]. The energy and wavelength of a photon are reciprocally dependent:

λ ∝ 1

Eγ

=⇒ dλ ∝ 1

E2
γ

dEγ, (3.10)

λmin ∝
1

Eγ,max

=
1

Ee

. (3.11)

5
KETEK, 81737 München, AXAS-M
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Figure 3.7: Schematic representation of the BIXS principle. Tritium β-electrons interact with the gold

surface of the Rear Wall or the gold-coated Be windows, generating X-rays. These X-rays pass

through the Be window, which is transparent to them, allowing the SDD to detect and measure the

tritium activity.

Inserting these relationships into Equation (3.9) yields:

I(Eγ)dEγ = K ′
(
Ee

Eγ

− 1

)
dEγ, (3.12)

which describes the intensity distribution of bremsstrahlung caused by an electron with

energy Ee in a single collision.

The bremsstrahlung spectrum for tritium β-electrons is obtained by convolving the energy

spectrum of the decay electrons (Equation (2.35)) with Kramers’ rule (Equation (3.12)). The

resulting X-ray photons have energies up to E0 = 18.6 keV, meaning bremsstrahlung falls

within the X-ray region. Multiple collisions occur in thicker layers, causing an overlap

of multiple bremsstrahlung spectra. X-rays interacting further with material can induce

X-ray fluorescence, giving the recorded BIX spectrum its shape.

The SDD detects these X-rays, with the recorded intensity being proportional to the

underlying tritium activity. To protect the detector from contamination, it is positioned

behind a Be window that blocks tritium but allows X-rays to pass through (see Section 3.4.3).

To further enhance the signal, these windows are gold-coated, yielding a higher X-ray

intensity for electrons impinging on them.

The main signal from BIXS results from β-electrons emitted in the source being guided to

the Rear Wall by magnetic fields, where they create X-rays, a portion of which are then

detected by the SDDs. However, tritium accumulated on the Rear Wall also contributes to

32



3 The KATRIN Experiment

Rear Wall

UV port

BIXS

detector

BIXS

detector

Figure 3.8: Rear Wall Chamber The Rear Wall is mounted along the symmetry axis of the Rear Wall

chamber, with two SDDs positioned behind additional gold-coated beryllium (Be) windows. An

optical port for UV illumination is also directed towards the Rear Wall.

the signal, and tritium accumulated on the Be windows produces an even stronger signal

due to the proximity to the detector, which increases the portion of X-rays reaching the

detector. Consequently, BIXS experiences a memory effect [Röl15], but on the other hand,

it can also be used as a tool to monitor tritium on the Rear Wall.

3.5 The KATRIN Rear Wall

The Rear Wall is located in the Rear Wall chamber, where it terminates the tritium source.

The RSCM is positioned behind it. The Rear Wall is mounted on ceramic rods to ensure

electrical insulation, as depicted in Figure 3.8. The Rear Wall chamber is directly adjacent

to the differential pumping section DPS1-R and is separated from the WGTS by valve V0,

which allows for isolation of the RS from the WGTS when needed. The Rear Wall itself is

an Au-sputter coated stainless steel disc with a diameter of 145mm and a 1 µm thick gold

coating, featuring a central 5mm hole serving as a passage for e-gun electrons.

At the Rear Wall, a significant portion of the circulated tritium is already pumped out, with

the DPS1-R primarily defining the pressure in the RearWall chamber during nominal tritium

circulation, which is around 1 · 10
−5
mbar. Additional pumping capacities are available

through the connection to the mid chamber with its own vacuum system, especially if

valve V0 is closed.
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3 The KATRIN Experiment

The primary β-electrons from tritium decay and the secondary electrons from ionization

of tritium can leave the KATRIN beamline almost exclusively through the Rear Wall, due

to the magnetic field confining their movement to be along the longitudinal direction, and

the retarding potential of the spectrometers. Electrons emitted in the upstream direction

and those reflected by the tandem spectrometer ultimately impinge on the Rear Wall. The

same applies to the ions that migrate towards the RS from the WGTS.

The entire flux tube is mapped onto the Rear Wall, which plays a crucial role in determining

and manipulating the starting potential experienced by β-electrons in the cold tritium

plasma within the WGTS. This starting potential directly influences the kinetic energy of

the β-electrons. In the tritium source, a neutral gas coexists with a cold plasma resulting

from the ionization of gas molecules [Kuc16; Kel22]. While a bias voltage of up to ±500V

can be applied to the Rear Wall to influence this potential inside the plasma. The potential

further depends on the work function difference between the Rear Wall and the stainless

steel surface of the beam tube [Mac21; Sac20]. The implications of the work function

within the scope of this work are further discussed in Section 5.3.2.

Gold was chosen as the ideal Rear Wall material due several reasons[Bab14]:

• Its high atomic number Z results in a higher bremsstrahlung intensity due to

impinging electrons, increasing BIXS rates.

• Gold is a good conductor with a homogeneous work function, facilitating manipula-

tion of the starting potential of the β-electrons.

• It is chemically inert, with only low and weak tritium adsorption expected.

Additionally, a picoammeter is used to measure the current flowing through the Rear Wall.

The Rear Wall can also be heated to temperatures up to 120 °C.

In conclusion, the Rear Wall plays a critical role in defining the starting potential of

the β-electrons in the KATRIN experiment, influencing the precision of neutrino mass

measurements. Furthermore, it serves as a signal enhancing component for the BIXS

system or can serve to produce photo-electrons. However, previous studies have shown

that even gold, chosen for its low tritium adsorption, does adsorb tritium over time [Röl15].

The following chapter explores the impact of this tritium adsorption on the Rear Wall and

its potential implications for the accurate determination of the neutrino mass.
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4 The Influence of Tritium Adsorbed to the
Rear Wall on the Neutrino Mass Analysis

The unique experimental setup of KATRIN, as detailed in Chapter 3, enables high-precision

measurements of the tritium β-spectrum, leading to an unprecedented sensitivity for

model-independent determination of the effective neutrino mass. The analysis of the first

five measurement campaigns, recently published in [Ake24a], yielded a best-fit value of

m2
ν = −0.14

+0.13

−0.15
eV

2
/c

4, (4.1)

which sets the upper bound of the neutrino mass to

mν < 0.45 eV/c
2

(4.2)

at 90 % CL. This marked the first KATRINmν analysis where the impact of tritium sorption

on the Rear Wall was observed and had a measurable effect on the results.

The decay of T2 in the WGTS creates the primary β-spectrum which serves as the central

input for the mν analysis. However, a secondary β-spectrum, with a different spectral

shape, emerges from tritium adsorbed onto the Rear Wall. Since the decay of both types

of tritium occurs within the flux tube, their β-electrons reach the FPD and cannot be

distinguished from each other. This overlap between the primary and secondary spectra

leads to a distortion of the measured spectrum.

The following sections will assess the uncertainties and evaluate the possible distortions

due to tritium adsorption on the Rear Wall and its effect on the measured β-spectrum.

In Section 4.1, an assessment of all uncertainties relevant to the neutrino mass analysis

is given to gauge the magnitude of the impact needed for these effects to be significant.

Section 4.2 discusses how the secondary spectrum overlaps with the primary spectrum and

which impact this has on the measured spectrum. An estimation of the potential shift inm2
ν

due to this distortion, if left untreated, is also provided. Finally, in Section 4.3, the detailed

shape of the secondary spectrum is discussed, and a concept is presented for characterizing

this spectrum in order to incorporate it into themν analysis. This leads to the definition of

the objective of this work, which is outlined in Section 4.4.
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4.1 Overview of Uncertainties of the mν Determination

In this section, the scope of effects that the secondary spectrum causes is assessed and it is

determined how significant they must be to impact the overall uncertainty in the neutrino

mass analysis.

Table 4.1 provides an overview of the uncertainties associated with themν determination,

as presented in [Ake24a]. The total uncertainty is dominated by statistical error, followed

by uncertainties of the column density, the energy-loss function, the time-dependent

background rate, and source-potential variations.

Compared to the previous publication [Ake22a], there has been a noticeable improvement in

statistical uncertainty due to the additional gathered events during the KNM3-5 campaigns.

Additionally, systematic uncertainties were improved. The background level has been

reduced by a factor of two due to adjustments in the analyzing plane settings [Lok22].

Furthermore, advancements in calibration methods, along with improvements in the Final-

State Distribution (FSD) uncertainty were made.

A new entry in this uncertainty breakdown is the residual tritium background from the

Rear Wall. Campaign-specific estimations of the impact of this residual tritium (see detailed

discussion in Section 4.2.2) indicate a potential shift ∆m2
ν of up to 0.073 eV

2
/c

4
. While the

overall shift across the first five campaigns would be lower, this reduction is partly due

to cleaning procedures applied to the Rear Wall. By incorporating both these cleanings

and additional measures as part of a mitigation strategy developed and implemented in the

scope of this work, the impact of residual tritium was effectively minimized, resulting in

a systematic uncertainty contribution of only 0.004 eV
2
/c

4
- well within the uncertainty

budget.

The next sections will delve into how the mitigation strategy was devised and its role

in minimizing the influence of tritium adsorption on the Rear Wall in the neutrino mass

analysis.

4.2 Distortion of Spectral Shape and Its Impact on mν

In the previous section, an overview of uncertainties is provided, including the contribu-

tion of the secondary spectrum as one of the key systematic effects influencing the total

uncertainty in the determinedm2
ν value. While this contribution appears minimal in the

uncertainty breakdown, it only remains so due to the countermeasures implemented which

is discussed in detail throughout this work. To trace the evolution of tritium accumulation

on the Rear Wall from a source of significant impact to a well-controlled systematic with

minimal residual effects, it is crucial to understand the underlying mechanisms affecting

neutrino mass determination.
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Table 4.1: Overview of the m2
ν uncertainties based on Monte Carlo generated data. Data obtained from

[Ake24a]. For a comprehensive breakdown of the individual contributions to the uncertainty in m2
ν,

along with a detailed discussion of additional effects that are beyond the scope of this work, the

reader is referred to the original source.

Effect 68.3 % CL uncertainty onm2
ν in eV

2
/c

4

Statistical uncertainty 0.108

Non-Poissonian background 0.015

Column density × inelastic cross section 0.052

Energy-loss function 0.034

Scan-step-duration-dependent background 0.027

Source-potential variations 0.022

qU -dependent background slope 0.007

Analyzing-plane magnetic field and potential 0.006

Source magnetic field 0.004

Maximum magnetic field 0.004

Rear Wall residual tritium background 0.004
Molecular final-state distribution

Activity fluctuations

Detector efficiency < 0.002
Retarding-potential stability and reproducibility

Theoretical corrections

Section 4.2.1 discusses the impact of a secondary β-spectrum overlapping the primary

spectrum. Section 4.2.2 quantifies this effect using data recorded during the KNM1-5

campaigns.

4.2.1 Overlap of Two β-Spectra

When a secondary β-spectrum with a different endpoint superimposes on the primary

β-spectrum, it distorts the overall measured spectrum, which is subsequently analyzed

according to the method outlined in Section 2.3. Figure 4.1 provides a schematic illustration

of this overlap. The figure depicts the endpoint-near regions of two stylized β-spectra: the

primary T2 spectrum and a secondary spectrum, such as one originating from the Rear

Wall with a shifted E0. Together, these two spectra combine into a convolved spectrum,

which carries the imprint of the higher E0 from the secondary spectrum.

At lower electron energies, far from E0, the relative influence of the secondary spectrum

on the measured spectrum is relatively minor. However, near E0, the distortion becomes

more pronounced. As contribution of the secondary spectrum increases, the shape of

the measured spectrum deviates more significantly from the primary spectrum, leading

to a noticeable shift of the effective E0. As noted in Section 2.3, the region close to the
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4 The Influence of Tritium Adsorbed to the Rear Wall on the Neutrino Mass Analysis

Figure 4.1: Simplified schematic depiction of the overlap of two distinct tritium β-spectra. The
primary T2 spectrum (solid line) is overlaid with a secondary spectrum (dash-dotted line) that has a

different endpoint, E0, emitted by tritium accumulated on the Rear Wall. This results in a distorted

measured spectrum (dashed line). Additional corrective measures are necessary to reconstruct the

true shape of the primary spectrum. The illustration is intentionally exaggerated to highlight how

the spectral distortion, caused by the increasing contribution of the secondary spectrum, leads to a

measurable shift in the apparent endpoint, E0. Additional effects, including the increased scattering

probability due to the longer travel path for β-electrons of the secondary spectrum are not included.

endpoint is where the neutrino mass most strongly affects the spectrum. Consequently,

any distortion in this critical region introduces a systematic effect, leading to an absolute

shift in the determinedm2
ν value [Köl].

In the following section, we estimate themagnitude of this distortion based on data collected

during the KNM1-5 measurement campaigns.

4.2.2 Estimated Shift on m2
ν

Estimating the impact on the neutrino mass when the contribution of the Rear Wall spec-

trum is neglected in the analysis is not straightforward, as the underlying FSD of the tritium

on the Rear Wall is unknown. To address this, a simulation-based approach using empirical

data as input was employed
1
. Two Monte Carlo generated spectra were generated: one

representing the properties of the T2 spectrum corresponding to the respective measure-

ment campaign, and the other based on the Rear Wall spectrum, which was recorded while

1
This analysis was conducted by the co-authors of the "Rear wall report for the KNM1-5 neutrino mass

analysis", Internal Report by M. Aker, B. Daniel, S.Hickford, L. Köllenberger, B. Lehnert, G. Li, D. Parno

and A. Schwemmer, 2023, KATRIN Collaboration
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Table 4.2: Estimated m2
ν bias due to neglected Rear Wall spectrum, for each of the measurement

campaigns KNM1-5.
2
The last row indicates the estimated bias due to neglecting KNM1 and KNM2

in the overall KNM1-5 analysis.

Campaign ∆m2
ν in eV

2
/c

4

KNM1 0.002

KNM2 0.017

KNM3a 0.058

KNM3b 0.044

KNM4 0.073

KNM5 0.032

KNM1-5 analysis 0.002

the WGTS was evacuated (see Chapter 6 for a detailed discussion of tritium measurements

on the Rear Wall).

For both spectra, the resulting experiment response was simulated, with the secondary

spectrum adjusted to reflect the starting magnetic field at the Rear Wall (BRW = 1.23 T)

and accounting for the fact that all electrons must traverse the full WGTS, leading to more

scattering events. Both spectra were then stacked and fit with the regular analysis model.

The results were compared to those of only the primary spectrum, revealing a bias in the

m2
ν estimates. These biases are summarized in Table 4.2.

The impact of the secondary spectrum on m2
ν increases over the measurement campaigns,

correlating with the gradual accumulation of tritium on the Rear Wall where a larger con-

tribution from the secondary spectrum causes a greater shift, as discussed in Section 4.2.1.

A notable outlier in this trend is KNM3a, which exhibits a larger bias, followed by a smaller

bias in KNM3b. This discrepancy is likely due to the different CD settings applied during

KNM3a and KNM3b, affecting the outcome of the estimation. A larger CD in KNM3b leads

to a higher scattering probability for the β-electrons originating from the Rear Wall, which

reduces the impact. The decline in bias during KNM5 is attributed to the first cleaning of

the Rear Wall, which reduced the amplitude of the secondary spectrum. The detailed rate

evolution is discussed further in Chapter 7.

4.2.3 Differences in the Final State Distribution of Adsorbed and
Gaseous Tritium

The Final-State Distribution (FSD) represents the distribution of energy left in the daughter

molecular states after decay, and deviations from the expected FSD can lead to an inaccurate

2
Values taken from "Rear wall report for the KNM1-5 neutrino mass analysis", Internal Report by M. Aker,

B. Daniel, S.Hickford, L. Köllenberger, B. Lehnert, G. Li, D. Parno and A. Schwemmer, 2023, KATRIN

Collaboration
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determination of E0, which affects the neutrino mass fit [Nde24]. In the gaseous state, the

decay of T2 induces excitations in the electronic, rotational, and vibrational states of the

daughter molecule, along with external effects such as recoil [Ott08]. These transitions

can be computed using ab initio quantum mechanical methods [Sae00], allowing for a

well-defined FSD to be integrated into the neutrino mass analysis [Ake21b]. However,

for tritium in a condensed state, as e.g. adsorbed on surfaces, such as the Rear Wall, the

situation becomes significantly more complex. In addition to molecular excitations, there

are interactions with neighboring atoms and the substrate, making the FSD for adsorbed

tritium much harder to predict and more challenging to incorporate into neutrino mass

analysis [Ott08].

In condensed sources, such as tritium adsorbed onto the Rear Wall there is a greater

likelihood of electronic excitation of nearby atoms ormolecules in addition to the excitations

in the tritiated molecule itself. Solid-state effects, such as local lattice relaxation after the

decay of bound tritium, can lead to a significantly different FSD compared to the gaseous

state [Nde24; Ott08]. These additional interactions complicate the understanding of how

energy is partitioned between the β-electron and the recoiling molecular system.

Without accurate knowledge of the FSD for adsorbed tritium, it becomes difficult to model

the Rear Wall spectrum with precision as the endpoint fit parameter depends - to a good

approximation - on the mean of the FSD [Ake21b]. A key challenge arises from the fact

that the underlying FSD of adsorbed tritium remains largely unknown, especially when

considering the possibility of different tritiated species such as tritiated hydrocarbons being

present on the Rear Wall surface. As a result, describing the Rear Wall spectrum from

theory includes large uncertainties.

While some tests have been conducted using various FSD models (see an excerpt in Fig-

ure 4.2), many of them do not include rotational and vibrational excitations or even solid-

state effects that might be relevant for adsorbed tritium. Using these incomplete FSD

models has already been investigated and resulted in the shifts in the measured endpoint

energyE0 as expected and no improvement of the fit quality. However, the limited statistics

collected from the Rear Wall spectrum do not provide sufficient sensitivity to accurately

probe the underlying FSD.

Given the limitations of current FSD models for adsorbed tritium the currently pursued

approach focuses on more empirical methods, as explained in the next section.

4.3 Characterization of the Rear Wall Spectrum for the
Neutrino Mass Analysis

The precise characterization of the Rear Wall spectrum is crucial for quantifying its impact

on the measured β-spectrum, which in turn influences the accuracy of the neutrino mass

determination. Key parameters for the description of the Rear Wall spectrum include the
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Figure 4.2: Discretized FSD of different tritiated molecules, as available in literature. In comparison

the detailed T2 FSD including rotational and vibrational excitation states used for the KATRIN mν

analysis on top [Sae00]. The FSD of tritiated water [Iku77], methane [Cla92], propane [Hol92] and

ethene [Kap88] lack those excitations. The FSD of atomic T [Ber71] is completely described without

those excitations.

endpoint energy E0 and the shape parameter wGR,RW, which accounts for uncertainties in

the FSD, as well as the overall signal amplitude As. Properly considering these paramet-

ers is essential for minimizing systematic uncertainties and ensuring that the distortion

introduced by the Rear Wall spectrum can be effectively accounted for.

The Rear Wall spectrum is characterized empirically through dedicated measurements.

While the measurement procedure is detailed in Section 6.1.1, this section focuses on the
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key spectrum parameters used for the characterization. The endpoint energy E0 and the

shape parameter wGR,RW is discussed in Section 4.3.1, and the signal intensity is covered in

Section 4.3.2.

4.3.1 Endpoint Energy E0

In β-decay, the endpoint energy E0 defines the maximum kinetic energy that the emitted

electron can reach.

For tritium decay, it is given by E0 = Q − Erec [Ott08], where Q represents the decay

energy and Erec is the recoil energy of the daughter molecule. The recoil energy can be

expressed as Erec ≈ E · me

Md

[Ang05], whereMd is the mass of the daughter molecule. In

the case of tritium adsorbed on the Rear Wall (e.g., bound in some larger molecule), the

mass Md of the daughter molecule, is typically larger than that of the gaseous T2 decay

products, which leads to a higher endpoint energy E0.

This difference in endpoint energy can result in a systematic shift in the measured spectrum,

affecting the neutrino mass fit. In the case of the Rear Wall spectrum, the endpoint E0,RW

is determined through fitting, where the neutrino mass mν is fixed to zero. However,

as discussed in Section 4.2.3, uncertainties in the FSD of adsorbed tritium can lead to

inaccuracies in determining E0,RW, introducing a potential source of systematic error.

To address the uncertainties in modeling the FSD for surface-bound tritium, an additional

free parameter is introduced: the FSD shape parameter wGR,RW [Köl]. This parameter scales

the relative amplitude of the ground and excited states, effectively shifting the mean of

the FSD. This allows for flexibility in the fit, compensating for the effect that an incorrect

or unknown FSD might have on the determination of E0,RW. Both parameters, E0,RW

and wGR,RW are strongly anti-correlated, with a correlation value of roughly −0.96
3
. This

approach takes the uncertainties arising from the complex interactions of tritium adsorbed

on the Rear Wall into account.

4.3.2 Signal AmplitudeAs

The signal intensity of the Rear Wall spectrum is another critical parameter that must

be properly characterized in order to assess its contribution to the overall measured β-

spectrum. The stronger the signal from the Rear Wall spectrum, the more significant is its

contribution to the measured spectrum. The normalization factor,As, typically accounts for

the number of tritium atoms present in the source and also depends on other factors such

as the acceptance angle θmax of emitted electrons. However, since the Rear Wall spectrum

is much smaller than the main signal from the gaseous tritium, it can only be measured

when the source is evacuated of tritium. To make the intensity of the Rear Wall signal

3
"Rear wall report for the KNM1-5 neutrino mass analysis", Internal Report by M. Aker, B. Daniel, S.Hickford,

L. Köllenberger, B. Lehnert, G. Li, D. Parno and A. Schwemmer, 2023, KATRIN Collaboration
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comparable to the primary tritium spectrum, a virtual reference is introduced [Köl]. This

reference value corresponds to a column density of ρdRW = 3.75 · 10
21
m

−2
, allowing the

normalization factor As, RW to be expressed as:

Âs,RW = As,RW

ρdRW
ρdKNMi

, (4.3)

where Âs,RW is comparable to the signal amplitude of the respective primary spectrum.

The detailed process for measuring the Rear Wall spectrum is further described in Sec-

tion 6.1.1.

Properly normalizing the signal intensity of the Rear Wall spectrum is essential for under-

standing how much it contributes to the total measured spectrum, allowing the effects of

this secondary spectrum to be disentangled from the primary gaseous tritium spectrum by

properly including it into the fit model. This is key to ensuring that the primaryβ-spectrum,

which is most relevant to the neutrino mass analysis, can be isolated and analyzed without

significant distortion.

4.4 Objective of this Work

The central objective of this work is the development and implementation of a compre-
hensive strategy to mitigate the impact of tritium accumulated on the Rear Wall
on the KATRINmν analysis. The accumulation of tritium on the Rear Wall introduces

a secondary β-spectrum that distorts the measured data, affecting the accuracy of the

mν determination. To address this challenge, the work is structured around several key

objectives:

• Understanding the Accumulation Process: The first step is to develop a funda-

mental understanding of the underlying process of tritium accumulation on the Rear

Wall. Similar processes in conditions comparable to the rear section of the KATRIN

experiment described in literature will be identified and reviewed and a theoretical

model for tritium accumulation will be developed in Chapter 5. This model will be

tested throughout this work to ensure its accuracy in describing the behavior of

tritium on the Rear Wall.

• Development of Characterization Methods: In order to accurately assess the

impact of the Rear Wall spectrum on the measured β-spectrum, specific methods

and measurements will be developed to characterize the secondary spectrum in

Section 6.1 This includes identifying key parameters such as the endpoint E0, RW and

shape of the Rear Wall spectrum as well as its total amplitude, ensuring these are

well understood and can be effectively incorporated into the neutrino mass analysis.

• Direct Mitigation of Tritium Accumulation: Practical methods for removing

tritium from the RearWall will be explored and developed in Section 6.2. This includes
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evaluating different cleaning techniques and their implementation as operational

strategy to reduce the presence of tritium and minimize its impact on the experiment.

• Characterization of the Evolution of the Secondary Spectrum: The temporal

evolution of the secondary β-spectrum will be studied in detail to describe how the

spectrum changes over time and during β-scans in Chapter 7. This understanding is

crucial for predicting the behavior of the spectrum during experiments and accurately

estimating its impact on the data.

• Providing Inputs for themν Analysis: By combining the knowledge gained from

characterizing the secondary spectrum, mitigation techniques, and understanding

the accumulation process, the work aims to develop a comprehensive approach to

incorporating the Rear Wall spectrum into the KATRINmν analysis in Section 7.4.

This ensures that its impact is minimized and that the neutrino mass measurement

is as accurate as possible.

A secondary goal of this work is to compile relevant knowledge gathered from the in-

vestigations performed within its scope into a broader understanding of the interaction

between tritium and surfaces, which leads to tritium accumulation. The model developed

in the next chapter will serve as the starting point for this endeavor. Based on this model,

a set of predictions regarding the behavior of the accumulated tritium will be derived at

the conclusion of the next chapter. These predictions will be evaluated throughout this

work and further supplemented by insights gained into underlying processes that require

additional efforts to fully uncover.
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This chapter provides an overview of interactions of tritium with solid surfaces, highlight-

ing both fundamental concepts and practical implications in the scope of the KATRIN

experiment. Section 5.1 covers the underlying processes of tritium sorption on metal

surfaces and focuses on the tritium-gold interactions that are expected to occur on the

gold coated Rear Wall. In Section 5.2 amorphous carbon (aC) is introduced, with a focus

on its growth process and the properties that influence tritium sorption and retention. In

Section 5.3 a model describing the tritium accumulation and retention on the KATRIN Rear

Wall is presented. From this model predictions relating the temporal and spatial behavior,

spectral properties of the accumulated tritium and its dynamics during potential cleaning

attempts are derived. Those predictions are compared to the experimental findings in

Chapter 6 and Chapter 7.

5.1 General Concepts of Tritium Interactions on Metal
Surfaces

The concepts of interest regarding the accumulation of tritium on the Rear Wall can be

summarized under the notion of sorption. Sorption encompasses adsorption, absorption

and desorption. Adsorption and absorption describe the accumulation of substances at

the interfaces of different phases while desorption describes the reversed process [Hay64;

Tom78]. In the scope of the present work the focus is set on the solid-gas interface as

it is relevant to the Rear Wall and therefore the KATRIN experiment as a whole. The

fundamental principles of those processes are discussed in Section 5.1.1. A more specific

view on the sorption dynamics of hydrogen on gold surfaces is provided in Section 5.1.2.

5.1.1 Fundamental Principles of Sorption Processes

Adsorption processes depend on physical and chemical properties of both the adsorbate

and the adsorbent, as well as the temperature of the system and the gas pressure. The

interaction of gaseous particles with a solid body at its interface is mediated by forces

acting between the gas molecules and the atoms on the surface of the solid. In the case

of adsorption those forces attract the gas molecules, referred to as the adsorbate causing
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them to adhere to the surface, referred to as the adsorbent [Tom78]. Based on the nature

of the adhering forces, adsorption can be classified into physisorption and chemisorption

[Atk13], which is discussed in Section 5.1.1.1 and Section 5.1.1.2, respectively.

In pronounced cases, adsorption can lead to multiple layers of adsorbate forming on the

surface [Bar11]. Due to the short range of the adhering forces involved in chemisorption,

multilayer adsorption is primarily a result of physisorption. However, depending on

pressure and temperature, a weakly chemisorbed layer can sometimes form on top of

already adsorbed layers in certain systems [Tom78].

5.1.1.1 Physisorption

The general properties of physisorption can be summarized as follows [Atk13; Iba06]:

• Weak Binding: Physisorption characteristically exhibits weak interactions between

the adsorbate and the adsorbent. The mediating forces are dominantly van der Waals

forces, which are significantly weaker than covalent or ionic bonds.

• Reversibility: The weak nature of the adhering forces lead to physisorption being

a generally reversible process. The adsorbed molecules can easily desorb from the

surface when the temperature is increased or the pressure is decreased.

• Low Activation Energy: The energy barrier for physisorption is relatively low,

meaning that it can occur at lower temperatures compared to chemisorption.

• Non-Specific Binding: Due to the binding being mediated by the non-specific acting

van der Waals forces, physisorption does not require specific chemical compatibility

between the adsorbate and the adsorbent, making it applicable to a wide range of

substances.

The acting van der Waals forces are based on fluctuations of the charge distribution of

an atom [Zan88]. H. Ibach [Iba06] explains the formed potential in great detail. This

explanation is summarized below. The fluctuation of the atomic charge distribution gen-

erates a dynamic dipole moment. This dipole moment generates an electric field that

induces another dipole moment in a second atom [Pau20]. Consequently, an attraction

is created between the two atoms, which depends on the distance r between them. This

attraction is proportional to r−6
. Due to the Pauli exclusion principle, a repulsion arises

at short distances between the atoms, which counteracts the attraction from the dipole

moments. The repulsive contribution increases exponentially as the distance decreases.

Often, this exponential dependence is approximated by a r−12
dependence. This results in

the Lennard-Jones potential, with the equilibrium potential −V0 occurring at the distance

r0:

V (r) = V0

((r0
r

)12
−
(r0
r

)6)
(5.1)

Considering the van der Waals forces of all the atoms in the solid yields the surface
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Figure 5.1: Behavior of the van der Waals Potential as a function of the distance r between the gas

atom and the surface, according to Equation (5.2). The potential is composed of the attractive term

due to dipole moments (blue dashed line) and the repulsive term resulting from the Pauli exclusion

principle (red dash-dotted line). A minimum occurs a few angstroms away from the surface [Zan88].

potential

Vsurf. (r⃗atom) = V0

∑

α

((
r0

|r⃗atom − r⃗α|

)12

− 2

(
r0

|r⃗atom − r⃗α|

)6
)
. (5.2)

Figure 5.1 depicts how the interplay of the attraction of the dipol moments and the repulsion

due to the Pauli principle forms a van der Waals potential. In the distance of a few Å to the

surface a minimum is formed which results in a bond due to physisorption [Zan88].

5.1.1.2 Chemisorption

Some of the key properties of chemisorption are contrary compared to physisorption

[Hay64; Tom78]:

• Strong Binding: The adsorbate forms chemical (covalent or ionic) bonds with the

adsorbent, which are significantly stronger than the van der Waals forces involved

in physisorption.

• Irreversibility: The strong adherent forces leads to significant energy required to

reverse the adsorption. Once the chemical bonds are formed, the adsorbate is not

easily desorbed from the surface.

• High Activation Energy: The formation of chemical bonds typically requires

some activation energy. This leads to chemisorption generally occuring at higher

temperatures than physisorption or requiring some other energy source.
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• Specific Binding: Due to the chemical nature of the bonding, chemisorption is

highly specific, depending on the chemical compatibility between the adsorbate and

the adsorbent.

Chemisorption, in special cases, can be an endothermic process, unlike physisorption

[Atk13]. Moreover, due to the nature of the bonds involved, the range of chemisorption is

more limited compared to physisorption. Consequently, adsorption typically saturates once

a monolayer is accumulated, unless the adsorbate itself is suitable to act as adsorbent.

In his "resonant level model", A. Zangwill [Zan88] introduces a simple framework for

describing charge transfer and chemical bonding between gas molecules and metal surfaces

(see Figure 5.2). This model is summarized in the following paragraph:

The adsorbate is represented by a potential well with a single bound state at energy

−|εa|. For the adsorbent, the free-electron gas model is assumed. At a sufficiently large

distance between the adsorbate and the adsorbent, both maintain their electronic structures.

However, at shorter distances, the electronic wavefunctions of the adsorbate and the

charge density on the metallic surface overlap. The combined system then possesses

mixed eigenstates of the original systems, causing the sharp atomic state to broaden into a

resonance. Through tunneling effects, charge exchange with the metal becomes possible.

The energy level of the resonance shifts from εa to a new energy E. The nature of the

surface bond depends on the relationship between the values of E and the Fermi energy

EF of the metal.

For large values of |E − EF|, a charge transfer occurs from the adsorbate to the adsorbent,

resulting in an ionic bond. When the values of E and EF are close, the adsorbate and

adsorbent share electrons, forming a covalent bond. Figure 5.2 illustrates the latter case, and

the shift from εa to E is neglected here, to simplify the depiction. The electronic structure

of the entire system can also influence the difference εa − E. Hydrogen chemisorption on

thin Au films occurs in the presence of surface Au atoms of a low coordination number.

Such an adsorbent can be obtained during thin Au film deposition on a glass support

maintained at low temperature 78 K [Sto99]. The Au-H bond strength was found to be

∆E(Me−H) ≈ 1 eV [Mil06].

5.1.2 Ad- and Desorption of Tritium on Gold Surfaces

The interaction of hydrogen with gold, particularly regarding adsorption or the formation

of discrete Au-H bonds, has not been widely studied, and experimental data is scarce

[Duś93; Sch14].

Hydrogen adsorption on metals generally exhibits distinct behaviors depending on whether

the hydrogen is present in its atomic or molecular form. Experimental and theoretical stud-

ies have shown that molecular hydrogen adsorption is often an activated process [McL73;

Ver00]. For instance, hydrogen adsorption on gold is characterized by an activation energy
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Figure 5.2: Schematic representation of energy levels according to the "resonant level model"
adapted from [Zan88]. A single atom is represented by a potential well with a bound state εa (right).
As the atom approaches a surface, the energy states overlap and mix (left). The sharp energy level

of the electron broadens into a resonance (red), and tunneling effects occur. If the energy level εa is
close to the Fermi energy EF of the solid, a covalent bond forms. If the difference is large, an ionic

bond is created.

value of 130 kJmol
−1
, making it an endothermic process with bond energies significantly

lower than those of hydrogen with other transition metals [Ver00].

In contrast, atomic hydrogen can easily adsorb ontometal surfaces and can even be absorbed

beneath the surface. Studies have demonstrated that atomic hydrogen adsorbed on thin Au

films at 90 K increases the work function by approximately 120mV at a coverage of around

0.2, with complete desorption occurring below 200K [Pri63].

Furthermore, molecular hydrogen does not adsorb on gold surfaces at temperatures above

75 K [Sto92; Pri63]. This highlights the significant difference in adsorption behavior

between atomic and molecular hydrogen, which is crucial for understanding the processes

involved in hydrogen and tritium interaction with gold surfaces.

5.1.2.1 Adsorption Induced Dissociation of H2

Adsorption of hydrogen on gold and other noble metals presents distinct challenges com-

pared to transition metals. For transition metals, hydrogen molecules adsorb dissociatively

over a wide temperature range (from about (50 to 500) K) [Chr88]. However, on noble

metals like gold, spontaneous dissociative hydrogen adsorption does not occur due to a

significant activation energy barrier [Har88].

This barrier arises because, as a hydrogen molecule approaches the surface of a noble

metal, its 1s orbital overlaps with the outer tails of the electron wave functions of the

metal. According to the Pauli exclusion principle, the metal electrons must adjust to remain

orthogonal to the orbital of the hydrogen, increasing their energy and thus creating an

activation barrier. This contrasts with transition metals, which have unfilled d-bands
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Figure 5.3: Schematic representation of the potential for dissociative adsorption. Blue dashed line:

The van der Waals potential associated with physisorption between the molecule and the surface.

Red dash-dotted line: Binding potential of dissociated atoms. Thick black solid line: The minimum

of all involved potentials, representing the adsorption potential. The diagram illustrates cases

of spontaneous dissociation of molecules (top left), activated dissociation (top right), molecular

chemisorption (bottom left), and hydrogen adsorption on gold (bottom right). Diagrams based on

[Zan88; Tom78].

allowing s-electrons to transfer into the d-band without energy loss, avoiding the energy

increase and facilitating hydrogen adsorption [Duś93].

For noble metals, without such d-band holes, the s-electrons cannot transfer, leading to

stronger Pauli repulsion and a higher activation barrier. Therefore, to achieve hydrogen

chemisorption on noble metals like gold, one must use highly energetic hydrogen molecules

or directly use hydrogen atoms to bypass the dissociation step.

The activated dissociation process of H2 on noble metals is described by J. Harris [Har86]

as an interaction between a metal dimer M2 and a hydrogen molecule (H2). Initially,

the molecular orbitals of both the metal and hydrogen are distinct, with bonding and

anti-bonding levels. As H2 approaches M2, these levels mix, resulting in bonding and

anti-bonding combinations between M2 and H2.

As the separation between M2 and H2 decreases further, the energy of the system increases

due to Pauli repulsion, as described earlier. Eventually, a critical point is reached where a
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level crossing occurs: the M-H bonding level falls below the M-M and H-H bonding levels.

This results in a sudden change in the electronic configuration, leading to the dissociation

of H2 into two MH units. This dissociation process is highly activated and involves a

sudden change in the symmetry of the state, making it a "symmetry forbidden" reaction.

Dissociative adsorption can be qualitatively described using a Lennard-Jones model [Zan88].

In the initial physisorption stage, the molecule follows the van der Waals potential towards

its minimum (represented by the blue dashed lines in Figure 5.3). The potential energy

of the molecule at a large distance from the surface,Vp = 0, is shown as a horizontal thin

line. If the molecule dissociates, the energy of the individual atoms would be higher than

this level. As the atoms approach the surface, this energy decreases due to van der Waals

forces (red dash-dotted line). If the atoms chemically bond with the surface, a pronounced

minimum can form. The energy of the adsorbate then follows the minimum of all involved

potentials (solid line).

If the two curves intersect below Vp, the molecule dissociates spontaneously (top left in

Figure 5.3). If the transition occurs above Vp, as shown at the top right in the figure, the

molecule is initially bound as a whole via physisorption. An activation energy ∆E, such

as from high temperatures or radiochemical processes, is required for the system to reach

the energetically favorable state of atomic chemisorption.

Another possibility is shown at the bottom left of Figure 5.3. Here, dissociation of the

molecule is not energetically favorable, so chemisorption occurs directly following phys-

isorption with the entire molecule.

The bottom right graph represents the situation for hydrogen adsorption on gold [Tom78]:

The energy of two adsorbed H atoms (A) is higher than that of a free H2 molecule (B) but

lower than that of two free H atoms (C). Consequently, the atoms will only desorb without

excitation if they recombine into a hydrogen molecule on the surface. Chemisorption

occurs if the H2 molecules dissociate before interacting with the surface and if the surface

is sufficiently cold. The dissociation can occur thermally or as a result of radiochemical

processes.

5.1.2.2 Desorption

Given that the temperature of the RearWall exceeds the temperatures reported for hydrogen

adsorption on gold and is also higher than the temperature at which complete desorption

occurs, the desorption mechanisms are discussed briefly.

Hydrogen desorption processes from gold are thoroughly discussed by Y. Koga and L.

Harrison [Kog84]. Their explanation is excerpted below.

The presumption for this discussion is, that an adsorbed H2 molecule dissociates and is

held weakly as a precursor state to chemisorption. When the thermal energy is large

relative to the barrier height, adatoms can freely move across the surface without being

influenced by its atomic structure. At intermediate temperatures, adatoms become more
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localized but frequently hop to neighboring sites. This mobility facilitates desorption via

the Langmuir-Hinshelwood recombination mechanism, which predominates at higher

coverages where adatom collisions are more likely. In this mechanism, two adatoms on the

surface meet, recombine into a molecule, and then desorb.

Another relevant process is the Rideal-Eley mechanism, where an adatom recombines with

a gaseous hydrogen atom impinging on the surface and subsequently desorbs.

The desorption rate for the Langmuir-Hinshelwood mechanism is proportional to the

concentration of adatoms in quadrature, resulting in a hyperbolic desorption rate in vacuum,

as numerically calculated by M. Babutzka [Bab14]. Since there is a lack of gaseous atoms for

recombination, no desorption via the Rideal-Eley mechanism is expected during evacuation.

Combined with the observation that the atomization process on the surface is pressure-

dependent, this leads to the possibility of an equilibrium between adsorption and desorption

during hydrogen or tritium exposure on a gold surface.

For the conditions at the Rear Wall, with a gold surface area of 141 cm
2
, corresponding

to approximately 2.14 · 10
17
surface sites, the equilibrium surface coverage is calculated

as Θ = 6.83 · 10
−5
[Bab14]. This implies that the expected surface coverage is extremely

low, corresponding to only about 0.05 % of a monolayer. According to the aforementioned

numerical model, the adsorbed layer should be completely desorbed after approximately

500 s [Bab14].

5.2 Adsorbed Amorphous Carbon as Facilitating Basis
for Tritium Adsorption

Despite the literature suggesting that hydrogen sorption on gold surfaces is generally

negligible, significant adsorption of tritium has been observed on various gold-coated

systems [Röl15; Ake20b] and specifically on the Rear Wall itself [Ake23]. This discrepancy

between expectations and experimental findings can be explained by the presence of

amorphous carbon (aC) as an intermediate layer that facilitates tritium adsorption.

An overview of aC, its characteristics, and formation processes relevant to the KATRIN

experiment are discussed in Section 5.2.1. Section 5.2.2 elaborates on how amorphous

carbon, can enhance tritium retention on surfaces where direct adsorption on gold would

typically be minimal. In Section 5.2.3, cleaning methods aimed at removing accumulated

tritium and counteracting re-accumulation by reducing the available amount of amorphous

carbon are presented and the underlying processes discussed.

This section aims to reconcile the observed discrepancies between theoretical expectations

of only negligible tritium accumulation occurring on gold surfaces and experimental

realities, highlighting the role of amorphous carbon as a complicating factor.
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Figure 5.4: Schematic representation of sp3, sp2 and sp1 hybridization of the carbon atom. The
white orbitals are capable of forming strong σ bonds, while the striped one will form π bonds with

adjacent atoms.

5.2.1 Amorphous Carbon and its Formation on the Rear Wall

Carbon is capable of bonding with other atoms in various configurations, namely sp
1
, sp

2
,

and sp
3
, as depicted in Figure 5.4 [Rob86]. In the sp

3
configuration, each of the carbon’s four

valence electrons is part of a tetrahedrally directed sp
3
hybrid orbital, forming strong sigma

(σ) bonds with adjacent atoms. At sp
2
sites, three of the four electrons form trigonally

directed sp
2
hybrids, which create σ bonds, while the fourth electron resides in a pz orbital,

normal to the σ bonding plane, forming weaker π bonds with adjacent pz orbitals. In the

sp
1
configuration, two electrons form σ bonds, and two others are left in orthogonal py and

pz orbitals to create π bonds. A σ bond between two atoms is called a single bond, while

a σ − π bond pair is referred to as a double bond. Hydrocarbons containing only single

bonds are classified as "saturated", whereas those with double bonds, such as ethylene

(H2C=CH2) or aromatic rings like benzene (C6H6), are termed "unsaturated".

These bonding variations enable carbon to form highly ordered compounds such as

graphene, graphite, and diamond but also another unorganized structure called amorphous

carbon (aC). While aC encompasses a wide range of properties [Jan85; Das91; Sil03], a

common feature is the absence of long-range lattice order. Additionally, aC shows a high

density of unsatisfied valences (unpaired electrons), known as dangling bonds [Jan85].

Those dangling bonds are prone to hydrogenation, which leads to their passivation and

formation of hydrogenated amorphous carbon (aC:H).

Amorphous carbon generally consists of a mix of sp
3
and sp

2
bonding configurations, with

little evidence of sp
1
[Rob86]. Some sp

1
bonding can be observed in aC:H structures, such

as -C≡CH. According to J. Robertson [Rob03], the bonding in aC:H can be described as

follows: Carbon sp
3
sites form a continuous network of C-C bonds, with most sp

3
sites

bonded to one or more hydrogen atoms. The sp
2
sites form small clusters within this

matrix.
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The ratio between sp
3
and sp

2
bonding determines the material’s optical and electrical

properties and thus serves as a primary classification metric for amorphous carbon [Jac93;

Rob02a]. When considering hydrogenated amorphous carbon (aC:H), the classification

becomes more complex, as hydrogen content plays a significant role. This leads to a ternary

phase diagram, as shown in Figure 5.5. The aC:H films can contain between 30 % and 60 %

hydrogen, with about 30 % of carbon sites in an sp
2
configuration [Rob86].

These two factors - the sp
3
/sp

2
ratio and the hydrogen content - define the short-range order

in aC. However, they do not fully determine its structure [Rob86]. Common nomenclature

for different categories of aC and aC:H includes:

• Graphite-like amorphous carbon (GAC),

• sp
3
-rich tetrahedral amorphous carbon (ta-C),

• Diamond-like amorphous carbon (DAC or sometimes also DLC) and

• Polymer-like amorphous carbon (PAC),

each named after the carbon structures their dominant bond types are found in.

5.2.1.1 Properties of Amorphous Carbon

Amorphous carbon can exhibit a wide range of physical properties. Some forms of aC

achieve high hardness, up to 65GPa while others remain soft [Wad80; Sil03]. The material’s

density can range from (0.6 to 3.2) g cm
−3
, depending on its sp

3
/sp

2
ratio and hydrogen

content [Sil03].

The dangling bond density in aC is relatively high, though it can be passivated by hydrogen,

making the material more chemically inert [Jan85].

The electrical properties of aC are highly dependent on deposition parameters. Conductivity

at room temperature can vary by up to 12 orders of magnitude [Das91]. Higher hydrogen

content tends to impede the formation of conductive sp
2
clusters, making the material

more insulating, whereas films with lower hydrogen and higher sp
2
content exhibit better

electrical conductivity.

5.2.1.2 Growth of Amorphous Carbon on the Rear Wall

While aC and particularly aC:H layers are commonly produced industrially using hydro-

carbon plasma processes, this section will focus on scenarios where aC and aC:H are

unintentionally created as contaminants [Rob02a; Kon16], which are relevant to the KAT-

RIN experiment. As examples for those scenarios, processes involving electron induced aC

and aC:H production are chosen. Those processes occur in accelerators, where e.g. photo-

electrons are created by synchrotron radiation [Bol83]. Additionally those processes are a

well known phenomenon in electron microscopes [Enn53; Har70; Din05]. The formation

of aC/aC:H layers have been reported on steel [Enn54] and on gold [Cha10; Bol83].
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Figure 5.5: Ternary phase diagram of bonding in amorphous carbon–hydrogen alloys. The classific-
ation of aC:H structures is based on the ratio of sp

3
and sp

2
centers and the hydrogen content, as

those properties significantly define the properties of the creates structure. Reprinted from Materials

Science and Engineering: R: Reports, 37, J. Robertson, Diamond-like amorphous carbon, Pages

129-281, Copyright (2002), with permission from Elsevier [Rob02b].

Particularly interesting is the latter scenario, since a commonly used energy range for

electrons in scanning electron microscopes is (5 to 30) keV [Sch12]. This range overlaps

with the energy distribution of the β-electrons impinging on the Rear Wall, suggesting

that similar conditions for the growth of aC and aC:H layers are present. Crucial factors for

this growth include the presence of a vacuum environment and adsorbed hydrocarbons as

precursor molecules, both of which are also met in the KATRIN RS. A significant reservoir

of hydrocarbons is expected on the walls of a vacuum system as large as the KATRIN RS.

Other sources include outgassing hydrocarbons from the Kapton
®
insulation of electrical

components within the RS and from Viton™ parts in valve V1. Moreover, interactions

between tritium and the carbon in the stainless steel walls of the system lead to the

formation of tritiated methane [Stu21].

Given that all the conditions for the formation of aC/aC:H on samples irradiated by an

electron microscope are also present on the KATRIN Rear Wall, the formation of these

layers is expected on the Rear Wall as well. This process can be described analogously to

the growth observed under an electron microscope which was detailed by W. Ding et al.

[Din05]. This so-called Electron Beam Induced Deposition (EBID) process is schematically

depicted in Figure 5.6.

The β-electrons impinge on the Rear Wall surface, which is coated with weakly adsorbed

precursor molecules (P/P*). New molecules can arrive at the electron facing surface of the

Rear Wall either by adsorption (A) or due to surface diffusion (M). The latter process plays

a major role in the transport of mobile adsorbates along the surfaces of samples in electron

microscopes [Het17]. Impinging β-electrons then scatter on the Rear Wall gold layer.
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Figure 5.6: Electron induced aC:H formation. Impinging β-electrons create secondary electrons which

dissociate tritiated (P*) and non-tritiated precursor molecules (P). The so-created fragments (F)

polymerize forming aC:H on the surface, which can be further tritiated by nearby T2. The growth

of the aC:H layer depends on the adsorption (A), desorption (D) and migration (M) speeds of the

precursor molecules. Adapted from [Din05].

During those processes secondary electrons are created, of which a significant amount

are within an energy interval of (0 to 50) eV, according to simulations
1
. Electrons with

these energies have a nearly optimal cross section to dissociate adsorbed hydrocarbons

upon collision. Parts of the so-created fragments (F) can then polymerize on the irradiated

surface, leading to the formation of aC:H.

According to S. Hettler et al. [Het17] this process leads to a local depletion of adsorbed

hydrocarbons on the irradiated surface, creating a concentration gradient of adsorbed

molecules. The polarizability of the fragments and charges induced by the impinging

electrons possibly enhance this gradient further. Together, those effects result in surface

1
D. Batzler: "Production of secondary electrons on the KATRIN Rear Wall". Personal communication.

IAP-TLK, Karlsruhe Institute of Technology, Germany, 2024
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Figure 5.7: Growth rate of aC under an electron microscope. The plot shows the relative thickness
(t/λ) over areal dose dA for a PVD aC (blue, crosses), Thread aC (black, diamonds) and PCS (green,

dots) thin film. The solid lines represents a fit of the function t(dA = da
A
). Reprinted from Micron, 96,

S. Hettler et al., Carbon contamination in scanning transmission electron microscopy and its impact

on phase-plate applications, Pages 38-47, Copyright (2017), with permission from Elsevier [Het17].

diffusion of adsorbates from surrounding areas towards the irradiated area. Eventually, a

quasi-steady state is reached between arriving molecules and the decomposition reaction

induced by the β-electrons and secondary electrons leading to a constant deposition rate.

The time required to reach this quasi-steady state depends on various factors, such as the

surface diffusion coefficient or the initial adsorbate density.

The growth of aC layers on different substrates inside an electron microscope as a function

of the areal dose dA, as observed by Hettler et al., is depicted in Figure 5.7. The different

substrates are aC deposited by electron beam evaporation (PVD aC) and by carbon-thread

evaporation (Thread aC) and a sputtered Pd77.5Cu6Si16.5 (PCS) film. For all samples an

initial strong growth is visible, that later diminishes and converges towards a more linear

increase, which coincides with the expectations of the model proposed by the authors. The

authors described the data with a function for the plotted relative thickness t/λ(dA = da
A
)

and reported an result of a ≈ 0.5.

Despite the differences in experimental conditions compared to those present at the Rear

Wall, such as the different substrate and the fact that the areal dose rate is more than

ten orders of magnitude higher than that at the Rear Wall surface, the underlying effects

remain the same. The data in the plot, which depicts an exposure time of roughly 100 s,

provides a qualitative understanding of the growth behavior which can be expected in

KATRIN. While the specific conditions likely are different, this comparison offers valuable

insights into the expected deposition dynamics on the Rear Wall.

57



5 Tritiated Amorphous Carbon on the RW - Fundamentals and a Working Hypothesis

5.2.2 Tritiation Processes of Amorphous Carbon

Three main processes of tritium accumulation due to the presence or growth of amorphous

carbon (aC) can be identified:

• Direct formation of aC:T,

• Isotope exchange reactions and

• Adsorption of tritium on aC.

Which are discussed in Sections 5.2.2.1 to 5.2.2.3. All these processes contribute to an

increase in activity alongside the growth of aC and may occur simultaneously. In reality, it

is likely that a combination of these processes is responsible for the tritium accumulation.

5.2.2.1 Direct Formation of aC:T

The high purity and large amount of gaseous tritium in the KATRIN sources results in the

formation of highly tritiated hydrocarbons within the WGTS [Stu21]. Any aC:H layer that

grows from these tritiated hydrocarbons as precursor molecules will bind the contained

tritium to the Rear Wall, leading to tritium accumulation with the growth of the aC layer.

In industrial aC:H coating application, hydrogen is typically mixed into the plasma used

for layer deposition [Jan85]. Although in KATRIN the formation process is driven by EBID,

the presence of tritium near the hydrocarbon fragments forming the aC may still lead to

tritium incorporation in the growing aC:H structure, even when the precursor molecules

themselves are not tritiated.

5.2.2.2 Isotope Exchange Reactions

In addition tritium can also bind to surfaces through exchange reactions [Tan17]. In this

process, tritium atoms from the gas phase replace hydrogen atoms from hydrocarbons or

aC:H already present on the surface (see Figure 5.8). It has been observed that exposure of

a hydrogen saturated aC:H film to a deuterium flux at room temperature results in isotopic

exchange of hydrogen for deuterium [Wit96].

In similar constellations involving surface-bound water, isotope exchange is known to

continue until the ratio of H to T in both the gas phase and on the surface is balanced

[Nak01]. Given the high tritium concentration in the WGTS, it is expected that this process

will continue until the aC:H layer on the Rear Wall is fully tritiated.

Dong et al. [Don15] investigated isotope exchange reactions resulting in the tritiation of

hydrocarbons using density functional theory and transition state theory. Their calculations

include two mechanisms.

• Direct Exchange:
In this mechanism, isotope exchange occurs via a four-membered ring transition

state, as illustrated in Figure 5.9. Here methane was chosen as an example since
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Figure 5.8: Schematic representation of isotope exchange with adsorbed aC:H (based on [Tan17]).

Tritium atoms exchange with hydrogen atoms. The reactions can proceed in both directions,

depending on the H to T ratio.

Figure 5.9: Reaction path of T-H isotope exchange of methane. Reprinted from Journal of Hazardous

Materials, 287, L. Dong et al., Theoretical investigation of isotope exchange reaction in tritium-

contaminated mineral oil in vacuum pump, Pages 42-50, Copyright (2015), with permission from

Elsevier [Don15].

it is the simplest hydrocarbon molecule. The reaction starts with the T2 molecule

approaching the C atom to form a bond. Via hydrogen migration, a T-H exchange

occurs, which is then followed by the expulsion of a HT molecule.

• Hydrogenation-Dehydrogenation:
Hydrocarbons with unsaturated double bonds can undergo isotope exchange via

a two-step process [Don15]. First hydrogenation adds T2 to the C=C center (e.g.

according to Reaction 5.3). In the second step dehydrogenation occurs and is released

from a different position (Reaction 5.4).
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Table 5.1: Isotope exchangemechanisms of selected hydrocarbonmolecules. The involvedmechanism,

product, and branching ratio (%) of the different molecules of the T-H exchange reaction. Data taken

from [Don15].

Species Exchange mechanism Product Branching ratio

CH4 Direct CH3T –

C2H4 Hydrogenation-dehydrogenation C2H3T –

C6H6 Direct C6H5T –

CH3COCH3 Hydrogenation-dehydrogenation CH3COCH2T –

C2H5OH Direct CH2T-CH2OH ≈ 0
CH3CHT-OH ≈ 0
CH3CH2OT 100

CH3COOH Direct CH2T-COOH ≈ 0
CH3CHO Direct CH3COOT 100

Hydrogenation-dehydrogenation CH2T-CHO ≈ 0
CH3TCO 100

H2C=CH2 + T2 → TH2C-CH2T (5.3)

TH2C-CH2T → HTC=CH2 + HT (5.4)

In Table 5.1 various hydrocarbons investigated by L. Dong et al. are listed alongside their

preferred isotope exchange mechanisms and the resulting products. Although oxygen-

containing molecules are not expected in the Rear Wall environment, they are included in

the table to demonstrate the universality of these processes.

Isotope exchange reactions can also be initiated by molecules ionized by radiation. An

example reaction chain leading to tritiated methane triggered by the presence of T
+
2 is

given below [Wex63]:

T
+
2 + CH4 → CH2T

+ + H2 + T (5.5)

T
+
2 + CH4 → CHT

+
2 + H2 + H (5.6)

CH2T
+ + CH4 → C2H4T

+ + H2 (5.7)

CHT
+
2 + CH4 → C2H3T

+
2 + H2 (5.8)

C2H4T
+ + e

− → CH2T+ CH2 (5.9)

CH2T+ CH4 → CH3T+ CH3 (5.10)

Although methane is used as an example in this case, the passivation of radicals in Re-

actions 5.7 and 5.8 does not necessarily require methane; other hydrocarbon fragments
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on the Rear Wall can also participate in similar reactions. Ionization of hydrocarbons can

trigger similar reactions such as:

C2H
+
5 + T2 → C2H4T

+ + TH (5.11)

C2H4T
+ + e

− → CH2T+ CH3 (5.12)

Further isotope exchange can occur via radiation-induced radical formation [Uda92]. Below

are example reactions where R represents a group attached to carbon within a hydrocarbon

molecule:

RCH
β−→ RC · H+ + e

−
(5.13)

RC · H+ + e
− → RC+ H (5.14)

T2
β−→ 2T (5.15)

RC+ T → RCT (5.16)

When T2 decays, it forms the stable molecular ion
3
HeT

+
in about half of the cases [Fie92;

Jon99; Sae00; Lin20]. After recombination with an electron, this molecule decays within

10 ns into atomic helium and tritium. In the remaining cases, atomic tritium (ionized or

neutral) is produced directly following the β-decay. This atomic tritium, along with the

tritium formed in Reactions 5.5 and 5.16, can contribute to tritiation of hydrocarbon species

on the Rear Wall.

5.2.2.3 Adsorption of Tritium on aC

This third process involves the tritiation of an existing amorphous carbon (aC) structure

through the chemisorption of tritium, with several mechanisms contributing to this process,

which are discussed in the next paragraphs.

A detailed atomistic description of aC reactivity is challenging due to its disordered

nature. However, first principle studies have identified the most reactive sites for hy-

drogen chemisorption, showing high adsorption energies ranging from (2.42 to 4.15) eV for

specific sp
1
and sp

2
configurations [Car18]. Less reactive sp

3
configurations, in contrast,

exhibit lower adsorption energies around 0.83 eV. Especially those high adsorption ener-

gies indicate significant potential for tritiation within an existing aC layer. Experimental

studies verify that hydrogen and deuterium atoms efficiently hydrogenate sp
1
and sp

2

carbon centers, such as unsaturated CH groups, located on the surface of the aC layer

[Wit96].Those hydrogenation reactions occur with negligible activation energy barriers

and are in certain cases able to cleave C-C bonds [Jar09].

Further tritiation possibilities arise from the presence of dangling bonds. The disordered

structure of aC contains these unsatisfied valence electrons of carbon atoms, making
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them highly reactive, with the addition cross section of a H atom to a dangling bond

being σadd = (1.3 to 4.5) Å
2
[Küp95]. Additionally, the continuous generation of secondary

electrons from the Rear Wall creates new dangling bonds, offering even more opportunities

for tritium to bond with the aC structure. Incident hydrogen atoms, which can penetrate the

aC film up to about two nanometers, are known to passivate these broken bonds effectively

[Hop05].

Spontaneous H2 splitting on amorphous carbon surfaces has also been demonstrated

through DFT calculations, indicating that tritiation of aC on the Rear Wall doesn’t neces-

sarily depend on the presence of atomic tritium but can also occur through interactions

with molecular tritium [Che24].

Tritium in the aC:T structure exhibits low mobility, as predicted by DFT and AIMD calcula-

tions at 300 K, which makes aC:T an effective retainer of tritium activity on the Rear Wall

[Che24]. However, there are potential escape paths for tritium within the aC:T structure.

Repeated bond-breaking and re-passivation events can lead to the formation of volatile

hydrocarbon species at or near the surface. These species can then diffuse to the surface

and desorb from the film [Hop05]. Additionally, hydrogen etching of aC:T, where both

hydrogen atoms and ions react with aC, can result in volatile reaction products that leave

the aC film.

Incoming hydrogen can further lead to the dissociation of surface-bound hydrogen through

hydrogen abstraction. However, the cross-section for this process is relatively low, around

0.05Å
2
, and is considerably smaller than the likelihood of hydrogen adding to the newly

created dangling bond [Küp95]. These dangling bonds can recombine to form new C-C

bonds, meaning that hydrogen abstraction can theoretically reduce the hydrogen content in

the amorphous carbon layer. However, for this recombination to occur, structural changes

within the amorphous network are required. This process leads to a stoichiometric limit of

H/C ≈ 1, representing the upper bound for hydrogen-induced reduction of the hydrogen

content in the layer [Keu03].

For ion-stimulated etching, the removal probability is approximately 0.1 carbon atoms

per incident hydrogen atom. In contrast, for atomic hydrogen etching alone, the removal

probability is significantly lower, ranging between 10
−4

and 10
−6

carbon atoms per incident

hydrogen atom [Leu21], with ion energies of (10 to 20) eV [Bra12].

5.2.3 Cleaning Procedures to Reduce Surface-Near Tritium Activity

Some tritium removal from the RearWall could theoretically occur due to etching by tritium

ions. The tritium ions in the WGTS are mostly thermal and primarily consist of cluster

ions, e.g. T
+
3 , T

+
5 . However, it remains uncertain whether significant etching actually takes

place. Studies have shown that an incoming flux of low-energy hydrogen ions can enhance

the erosion yield of atomic hydrogen when etching graphite, but it can also inhibit the

erosion yield in the case of etching a aC:H film [Von96]. Furthermore, these tritium cluster
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ions dissociate upon neutralization, releasing free tritium atoms, which are then available

for further tritiation [Bab14]. Therefore, no substantial tritium removal is expected from

this process.

To effectively mitigate the accumulation of tritium, active measures are necessary. Consid-

ering the tritiation mechanisms discussed in Section 5.2.2, decontamination techniques

based on similar mechanisms are explored. These methods fall into two categories:

1. Direct tritium removal from the adsorbent and

2. Removal of the aC:T entirely.

The available options are discussed in the following.

5.2.3.1 Direct Tritium Removal from the Adsorbent

The least invasive methods focus on using isotope exchange reactions or dissociation of

hydrogen from aC to remove tritium by UV illumination.

• Isotope Exchange Reactions: Exposing the aC:T layer on the Rear Wall to pure

hydrogen/deuterium gas can trigger isotope exchange reactions, where tritium is

replaced by hydrogen/deuterium and removed from the aC:T layer. Additionally,

exposure to water vapor [Tor02] can reduce tritium in cases where residual surface

water has become tritiated. This method leverages the concentration gradient to

drive the exchange, resulting in diminishing decontamination rates over the progress

of the procedure.

• UV Illumination: UV light is considered to be able to desorb tritium from aC:T by

breaking C-T bonds [Oya01a]. However, there are reports attributing this etching

effect to ozone formation directly on the surface instead of direct interaction of

the UV light with the substrate [Ish97]. Although not primarily focused on tritium

removal, previous investigations on the Rear Wall have shown no significant impact

on surface properties, such as the work function, due to UV illumination [Sch16].

Both of these methods, while removing tritium from the Rear Wall, face re-accumulation

challenges. After removal, re-adsorption of tritium is expected to happen quickly, as the

isotope exchange is driven by the concentration gradient, and hydrogen dissociation from

aC leaves reactive dangling bonds that can bond with new tritium.

5.2.3.2 Removal of aC:T to Reduce Tritium Adsorption Sites

A more robust, yet more invasive approach is to remove the aC:T layer entirely using

UV/ozone cleaning, thereby diminishing the adsorption possibilities for tritium on the Rear

Wall.

UV/ozone cleaning is an effectivemethod for removing hydrocarbons from surfaces through

UV-ozonolysis, the combined use of UV light and ozone [Vig85]. This method is commonly
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used in electron microscopy to mitigate carbon contamination [Hoy11] and has been

effectively used to remove tritiated carbon contaminations by various groups [Shu01;

Gen02; Lar22].

The process involves multiple chemical steps, including the formation and dissociation

of ozone, followed by the decomposition of the carbon structure through the Criegee

mechanism.

• Ozone Formation: UV light at 185 nm dissociates molecular oxygen (O2) into

atomic oxygen (O). This atomic oxygen then combines with O2 to generate ozone

(O3) [Vig85].

• Ozone Dissociation: UV light at 254 nm dissociates O3 into O2 and atomic oxy-

gen (O) [Vig85], producing a highly reactive oxygen radical that can break down

hydrocarbon chains [Li22].

• Criegee Mechanism: The functionality of UV-ozonolysis is driven by the Criegee

mechanism [Cri75]. This process is depicted in for an exemplary reaction in Fig-

ure 5.10. It begins with O3 adding across a carbon-carbon double bond. This forms

an unstable cyclic compound called the primary ozonide (see 1 in Figure 5.10).

In the next step, the primary ozonide decomposes into a carbonyl oxide (Criegee

intermediate) and a carbonyl compound (either an aldehyde or a ketone), as shown

in the first elements on the left path in Figure 5.10. The precise details of the reaction

pathways require more minute investigation [Gel98]. This is especially true in cases

like those depicted in Figure 5.10 (steps 2-3), where a crossover experiment results

in a labeled oxygen atom appearing in different positions depending on the actual

reaction path. However, for the scope of this work, it is sufficient to note that the

intermediates typically react to form secondary ozonides. These ozonides eventually

break down into smaller, volatile molecules. Some Criegee intermediates may also

decompose or isomerize into dioxiranes, which further break down into volatile

products [Che22; Cre98].

Regardless of the specific underlying reactions - whether oxygen radicals breaking down

hydrocarbon chains or the decomposition of structures via the Criegee mechanism - the

cleaning effect is achieved by fragmenting the carbon compounds into smaller, volatile

hydrocarbons. These fragments desorb from the surface and can then be removed from

the system through evacuation.

5.3 Expected Dynamics of Tritiated aC on the Rear Wall

Significant tritium sorption on a gold surface is not expected without the presence of a

carrier substrate. To explain the observed persistent tritium accumulation on the Rear Wall,

a carrier material is required. As discussed in Section 5.2.1 and Section 5.2.2, the formation

aC:T is a plausible scenario given the environmental parameters within the KATRIN Rear
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Figure 5.10: Formation of Criegee intermediates (1) and their further reaction path if allowed to react with
a labelled aldehyde (2). Depending on the underlying mechanism the oxygen label in different regions

of the resulting secondary ozonide (3). Reprinted from European Journal of Organic Chemistry,

1998, Stefan Berger and Christian Geletneky, The Mechanism of Ozonolysis Revisited by
17O-

NMR Spectroscopy, Pages 1625-1627, ©WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998, with

permission from John Wiley and Sons [Gel98].

Wall chamber. Based on these considerations, a working hypothesis - closely resembling the

EBID processes occurring in electron microscopes - is presented in Section 5.3.1, followed

by verifiable predictions derived from this hypothesis in Section 5.3.2.

5.3.1 Working Hypothesis of the Underlying aC:T Formation
Process

Multiple processes likely occur in parallel, contributing to tritium accumulation on the

Rear Wall. Identifying and verifying the precise contribution of each process would require
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sophisticated instrumentation, which is currently unavailable due to spatial and other

constraints and is not justified by the effort required. However, the main aspects and

outcomes relevant to the KATRIN experiment can be measured and will be discussed in

later chapters. The proposed process consists of the following five mechanisms:

1. Precursor Hydrocarbons: A reservoir of both tritiated and non-tritiated hydrocar-

bons is available in the KATRIN system. This reservoir includes hydrocarbons initially

present on system surfaces, those outgassing from components such as Kapton
®

and Viton™, and hydrocarbons generated through radiochemical reactions between

tritium and the carbon in the stainless steel walls, as discussed in Section 5.2.1.

2. Hydrocarbon Migration: The hydrocarbons migrate towards the Rear Wall within

the KATRIN system. While direct adsorption of gas-phase hydrocarbons onto the

Rear Wall is expected, significant migration of hydrocarbons occurs via surface

diffusion, driven by a concentration gradient.

3. Secondary Electron Production: Beta-electrons impinging on the Rear Wall gen-

erate secondary electrons with energies of O (10 eV).

4. Hydrocarbon Dissociation and Polymerization: Hydrocarbons on the Rear Wall

are dissociated by these secondary electrons. The resulting fragments polymerize

on the Rear Wall surface, forming aC:H, which becomes firmly bound to the Rear

Wall. The amorphous structure of the growing layer and continuous bond-breaking

by secondary electrons create dangling bonds.

5. Accumulation of Tritium: Tritiation of the aC:H layer occurs through several

mechanisms, including the accumulation of tritiated precursor hydrocarbons, tri-

tium bonding with dangling bonds, and isotope exchange reactions, leading to a

progressively tritiated aC:H layer.

This hypothesis lays the foundation for understanding the processes responsible for tritium

accumulation on the Rear Wall and sets the stage for verifiable predictions in the next

section.

5.3.2 Predicted Effects of the Electron Induced aC:T Formation
Process

The underlying process, outlined in Section 5.3.1 can be used to derive the following nine

predictions:

Prediction 1 Tritium Accumulation: Tritium will accumulate on the Rear Wall as the

dosage increases, similar to the layer growth observed by S. Hettler et al.

[Het17], shown in Figure 5.7. This accumulation can be observed as an

increasing number of β-electrons emitted from the Rear Wall while the

WGTS is evacuated. The growth of this Rear Wall rate is expected to initially

show saturation behavior, then transition into a linear growth phase as a
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steady deposition rate is reached, as discussed in Section 5.2.1. To reflect the

long exposure times during KATRIN operation and the prominence of the

quasi-steady state, Equation (5.17) is chosen to describe the rate evolution,

where f represents the tritium throughput.

RRW(f) = a · exp (−k · f) + b · f (5.17)

Prediction 2 Shift of the β-Spectrum: Tritium bound to carbon will produce a β-

spectrum with a higher endpoint, as discussed in Section 4.3.1.

Prediction 3 Electron-Induced Tritium Accumulation: Accumulation is driven by

the EBID process and thus only occurs in regions where electrons impinge

on the surface.

Prediction 4 Tritium Retention: Tritium is firmly bound within the aC:T matrix, so no

significant reduction in tritium is expected due to:

• Purging of the system with inert carrier gases,

• Desorption in an evacuated system,

• Heating and

• UV illumination in an evacuated system. Altough this is expected

according to the findings of Y. Oya et al. [Oya01a] the effect is though

disfavored by the earlier mentioned findings of [Ish97] and [Sch16].

Prediction 5 Tritium Removal: Reduction of the observed activity can be expected by

methods which either extract tritium from the aC:T matrix or remove the

aC:T altogether, e.g.:

• Isotope exchange,

• UV/ozone cleaning, which is known to effectively remove aC:H.

Prediction 6 Quick Regeneration After Cleaning: If the aC layer is not completely

removed during cleaning, quick regeneration of tritium accumulation is

expected. This is due to newly created dangling bonds and increased hydro-

carbon migration along surfaces driven by a higher concentration gradient.

The second effect also results in quick reformation of the aC:T layer if the

previous layer was completely removed.

Prediction 7 Activity Distribution: Depending on the initial distribution of precursor

hydrocarbons on the Rear Wall, the spatial distribution of tritium accumula-

tion may vary. After sufficient cleaning, this distribution should approach a

more homogeneous state as the initial layer is removed.

Prediction 8 Exhaustion of Hydrocarbon Reservoir: After extensive cleaning, the
hydrocarbon reservoir within the system should be depleted. This will

result in: a) A cessation of tritium accumulation, with the final saturation

level dependent on the remaining hydrocarbons and other tritium binding
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mechanisms on gold (as discussed in Section 5.1.2). b) Observable desorption

of weakly bound tritium on gold in an evacuated system.

Prediction 9 Change of Work Function: While the exact work function of the growing

layer is unknown, for ta-C a range of (4 to 5) eV is reported [Har00]. While

this is near the work function of gold, the accumulation of aC:T on the

Rear Wall can result in a decrease of the work function, depending on the

properties of the growing layer. An increase of the work function is expected

when the Rear Wall is cleaned.

Prediction 1 and Prediction 2 are crucial for understanding the impact on the KATRIN

analysis, as they provide insights into how the secondary β-spectrum influences the

determination of the neutrino mass. Adequately addressing these predictions is essential

for mitigating any potential effects on the analysis.

Predictions 3 to 5, on the other hand, center on the critical role of aC:T, specifically how

this material facilitates tritium accumulation and retention on the Rear Wall. Confirmation

of Predictions 1 through 5 is fundamental to validating the working hypothesis, as any

deviations would challenge its validity and necessitate modifications.

Predictions 6 through 8 describe the dynamics of the adsorbate, which are sensitive to

system conditions and may vary based on several hard to quantify parameters, e.g. the

availability of precursor hydrocarbons. Discrepancies between the predicted and observed

behaviors provide deeper insights into the processes involved and shed light on otherwise

inaccessible factors that may be influencing the system.

Predictions 1 to 8 were tested as part of this work and are discussed in Chapter 6 and

Chapter 7. The exact sections containing the corresponding results are detailed in Table 5.2.

Testing Prediction 9 is beyond the scope of this work, as it has been the focus of earlier

investigations [Sac20] and remains an ongoing area of research. However, the importance

Table 5.2: Overview of Predictions 1-9 with references to the relevant sections where the corresponding

results are discussed.

Prediction Relevant section

Prediction 1: Tritium Accumulation 7.1.2.2

Prediction 2: Shift of the β-Spectrum 6.1.1

Prediction 3: Electron-Induced Tritium Accumulation 7.2.2.1

Prediction 4: Tritium Retention 6.2.2

Prediction 5: Tritium Removal 6.2.2

Prediction 6: Quick Regeneration After Cleaning 7.1.2.1 and 7.1.2.2

Prediction 7: Activity Distribution 7.1.2.5

Prediction 8: Exhaustion of Hydrocarbon Reservoir 7.1.2.2 and 7.1.2.3

Prediction 9: Change of Work Function -

68



5 Tritiated Amorphous Carbon on the RW - Fundamentals and a Working Hypothesis

and impact of the work function are briefly discussed here. As outlined in Section 3.5, the

work function of the Rear Wall plays a crucial role in determining the starting potential

of tritium β-electrons in the WGTS. The difference between the work function of the

Rear Wall and that of the beam tube walls is particularly significant [Mac21]. Changes

over time can lead to a shift in the spectrum’s endpoint, resulting in a broadening of the

resulting combined spectrum, which causes issues similar to those of the residual spectrum,

as discussed in Section 4.2.

Additionally, plasma and Q-value analysis [Ake24a] require that the work function values

duringmν measurements and systematics measurements, such as those involving krypton,

remain consistent. Initial measurements of the work function were possible [Sac20] but

became challenging after KATRIN began operation due to tritium background. These

measurements showed work function values approximately 1 eV lower than expected

for pure Au, which can be attributed to surface impurities [Ake21a], as indicated by

Prediction 9. This discrepancy necessitates long-term extrapolation of the work function

values [Ake24a].

During operation of KATRIN, a drift in the work functions was observed. Ideally, cleaning

procedures would reduce this drift by depleting the reservoirs of impurities that accumulate

on the surface, in line with Prediction 8.
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In order to mitigate the systematic impact on KATRIN’s neutrino mass result caused

by the secondary tritium β-spectrum created by tritium adsorbed on the Rear Wall, two

complementary approaches are pursued. Firstly, the contribution to the measured spectrum,

which results from the overlap of the primary spectrum from the gaseous tritium and

the secondary spectrum, is considered in the analysis. This necessitates a comprehensive

understanding of the secondary spectrum, including its characteristics and its overall

impact to the measured spectrum. Secondly, as a direct countermeasure to the secondary

spectrum the adsorbed tritium is removed from the RearWall. Section 6.1 describes how the

secondary spectrum is measured, how the data is analyzed and discusses the characteristics

of the secondary spectrum. In Section 6.2 the results of investigated Rear Wall cleaning

procedures are reported. The decontamination effectiveness of each of multiple investigated

procedures are presented and a suitable candidate for repeated cleanings is identified. In

Section 6.3 the obtained results are probed to gain insights on the underlying state of

tritium bound to the Rear Wall.

6.1 Rate and β-Spectrum of Tritium on the Rear Wall

In this section different approaches to describe and quantify the observable β-decay elec-

trons of tritium accumulated on the Rear Wall are presented. The emitted β-electrons can

be directly observed using the KATRIN FPD, which, together with the main spectrometer,

allows for recording of the integral β-spectrum, which is discussed in Section 6.1.1. The

details of the performed measurements are outlined as well as the spectral shape and the

discovered differences to the spectrum of β-electrons being emitted from the gaseous

tritium source. The method to determine the activity on the Rear Wall using the FPD

is presented in Section 6.1.2. This method is complemented by indirect observation via

Beta-Induced X-ray Spectrometry (BIXS) which allows for continuous monitoring when

the beam line is not available. A conversion factor is derived that allows quantification of

tritium accumulated on the Rear Wall based on the rate of β-electrons from the Rear Wall

observed with the FPD. Considered uncertainties and systematic effects are discussed.
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6.1.1 The Spectrum of Tritium on the Rear Wall

After a prolonged period of tritium circulation, measurements were conductedwith KATRIN

while tritium circulation was halted and residual gas was evacuated from the WGTS. The

results revealed a secondary spectrum that closely resembles that of tritium. Due to the

flux tube’s constraints regarding the propagation of electrons the only possible origin

is tritium adsorbed on Rear Wall, since electrons emitted from beam tube walls would

be magnetically reflected. This is verified by measurements with valve V0 closed which

separates the Rear Wall chamber from the WGTS, resulting in a significantly reduced

observed rate, confirming the Rear Wall as the source.

As discussed in Section 2.3 the neutrino mass analysis is sensitive to the shape of the

recorded tritiumβ-spectrum. Thus, it is important to investigate the shape of the secondary

spectrum, which overlaps the primary spectrum from gaseous tritium distorting its shape

and leading to systematic bias onmν . The shape of the spectrum can be expressed using

the parameters discussed in Section 4.3. The rate of the observed secondary spectrum

is approximately two orders of magnitude lower compared to the measured spectrum

recorded during nominal operation of the WGTS. Since the rate is low and the available

measurement time is limited, efforts have been made to sufficiently describe the secondary

spectrum despite the low statistics.

Focus was set to determine the endpoint of the secondary spectrum E0,RW as the main

characteristic for describing the secondary spectrum. This parameter can still be resolved

sufficiently well with low statistics. An optimized MTD was developed to achieve maximal

sensitivity on the endpoint for those so-called Rear Wall scans. The MTD consists of

equidistant measurement points spaced 4 eV apart, spanning the range from (18 454 to

18 574) eV, and five more points in 2 eV steps up to 18 584 eV. Each point has an acquisition

time of 2.5min. Apart from the dedicated MTD and the empty source, the Rear Wall bias

voltage is set to 0 V for those measurements. All the other parameters of the measurement

setup correspond to those of the standard β-scans. The transition from performing scans

in NAP setting to SAP setting was also applied to the Rear Wall scans. Consequently, some

early scans were conducted in NAP mode, followed by subsequent scans in SAP mode.

With a measurement time of 4 h per scan, coupled with the time required for evacuating

the source firstly and allowing it to reach equilibrium afterwards, the Rear Wall scans are

typically performed during dedicated systematics campaigns close to maintenance phases.

This approach minimize the disruption of the β-scanning. Depending on the accumulated

amount of tritium on the Rear Wall the measurement time to reach sufficiently high

statistics varies, resulting in total measurement times of two to four days per Rear Wall

scan measurement.

In Figure 6.1 the secondary spectrum of a Rear Wall scan is depicted next to the measured

spectrum recorded during nominal operation, with the best fit for each dataset and the

resulting endpoint being highlighted. Both fits were performed using the FSD for gaseous

T2. Since this is not the expected form of bound tritium on the Rear Wall as discussed in
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Figure 6.1: Comparison of the Rear Wall-spectrum with the spectrum of gaseous tritium. The data

was recorded during KNM3 in the NAP-setting. The fit applied used the T2 FSD. The uncertainty

on the respective endpoint results (E0,WGTS = (18 573.60 ± 0.05) eV, E0,RW = (18 576.14 ± 0.36) eV) is

marked with the shaded area, the uncertainties on the data points are small. The analysis for this

data was performed by S. Hickford.

Chapter 5 for fits to the Rear Wall scan data an additional parameter is introduced. This

FSD shape parameter wGR,RW adds a degree of freedom to the FSD to accommodate for

differences between the FSD of T2 and the true but unknown FSD of the residual tritium

bound on the Rear Wall. The other two fit parameters are the respective endpoint and the

signal amplitude, with the endpoint being strongly correlated to the FSD shape parameter

(see Section 4.3.1). The different experimental conditions for the Rear Wall scans are

reflected by adjustment of a few relevant parameters. The origin of the β-electrons being

the RearWall requires two changes to be considered for the fit. Firstly, the starting magnetic

field of the electrons is set to the field present at the Rear Wall, BRW = 1.23 T. Secondly,

the path length of the electrons passing through the WGTS is doubled, as they need to

pass the entire WGTS. This impacts correction for losses due to synchrotron radiation. The

scattering probability is set to zero due to the absence of gas in the source as scattering

partner. Since the signal parameter is scaled using the column density in the mν analysis a

similar, virtual scaling is performed to allow for direct comparison of the Rear Wall signal

to the WGTS signal as discussed in Section 4.3.2.

Besides the above mentioned lower rate, the resulting E0,RW is found to be approximately

(2.5 ± 0.4) eV higher compared to E0 for the data shown in Figure 6.1, which shows data
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recorded during KNM3 in the NAP setting. This affirms Prediction 2. This statistically

significant deviation underlines the importance of considering the residual spectrum in

the mν analysis to mitigate the distortion of the measured spectrum by the secondary

spectrum with a different shape. The higher value of E0,RW compared to E0 is expected

for tritium being bound in a larger molecule, like in hydrocarbons or tritiated amorphous

carbon as was discussed in Section 5.2. It further indicates that the tritium is located on the

surface and is not embedded deeper within the bulk material. In the latter case β-electrons

escaping the material would experience energy loss due to scattering, resulting in a shift

of the entire spectrum towards lower energies.

6.1.1.1 Time Evolution

The aforementioned Rear Wall scans have been conducted repeatedly to assess the stability

of the shape of the spectrum as a prerequisite to minimize the time designated for these

measurements. Changes in the shape over time would necessitate more frequent measure-

ments. Figure 6.2 illustrates the evolution of the three fit parameters for the Rear Wall scans

performed up to KNM6. Both KaFit and Fitrium, the fitting programs utilized in the KATRIN

analysis chain, have been employed to analyze the recorded Rear Wall spectra, yielding

highly consistent results
1
. The Rear Wall underwent cleaning once within the depicted

timeframe, as indicated in the plot by the dotted line. Further details regarding the cleaning

procedure, its effectiveness and insights gained are discussed in Section 6.2. As previously

discussed the endpoints for all the scans are significantly higher relative to the endpoint

obtained from the spectrum of gaseous T2. Furthermore for all measurements the results

for the endpoint and FSD shape parameter, respectively, agree with each other within the

expected statistical fluctuation, showing no discernible trend over time or impact from the

Rear Wall cleaning. The signal parameter increases over time due to the accumulation of

tritium and is significantly reduced after the cleaning. The accumulation dynamics are

discussed in detail in Section 7.1.

The consistency of the shape defining parameters of the spectrum, the endpoint and the

FSD shape parameter, allows for a split approach of determining the contribution of residual

tritium to the data used for themν analysis. This split approach is described in the next

section.

6.1.2 Determination of the Rear Wall Activity

The Rear Wall scans presented in the previous section provide detailed information about

the spectral properties of the β-electrons emitted by adsorbed tritium on the Rear Wall.

This information is necessary to gain a better understanding of the underlying physical

1
"Rear wall report for the KNM1-5 neutrino mass analysis", Internal Report by M. Aker, B. Daniel, S.Hickford,

L. Köllenberger, B. Lehnert, G. Li, D. Parno and A. Schwemmer, 2023, KATRIN Collaboration
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Figure 6.2: Evolution of the Rear Wall spectrum parameters for the Rear Wall scans performed up

to KNM6. As a reference the KNM4 endpoint is marked as gray dashed line. The orange dotted

line marks the time the first Rear Wall cleaning was performed, with the second following after

the displayed timeframe. The KaFit and Fitrium results are derived from the same data and slightly

shifted sideways for better visibility. Values taken from "Rear wall report for the KNM1-5 neutrino

mass analysis", Internal Report by M. Aker, B. Daniel, S.Hickford, L. Köllenberger, B. Lehnert, G. Li,

D. Parno and A. Schwemmer, 2023, KATRIN Collaboration.

processes and also to integrate the secondary spectrum into the neutrino mass analysis of

KATRIN. However, performing those measurements with the goal to obtain information
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concerning the temporal evolution is not feasible due to the extensive measurement time

required.

The spectral shape is dependent on the molecular state of the bound tritium which is not

expected to change over short time frames without actively changing the system by e.g.

performing cleaning procedures. This is reflected in the data of the subsequent Rear Wall

scans presented in the previous section, which show no significant change in the spectrum

parameters (see Figure 6.2). Thus, it is sufficient to perform Rear Wall scans with larger

time intervals between them, typically at the start and end of a measurement campaign

and prior to and following any cleaning procedure. Besides its shape, the total contribution,

i.e. the absolute rate of the Rear Wall spectrum is of importance. Due to accumulation

of tritium this parameter is expected to vary over time. This time-dependent behavior

needs to be observed in order to correctly describe the overall impact of the secondary

spectrum in the neutrino mass analysis and to understand the underlying processes of

the tritium accumulation. A second, more time-efficient method is required to monitor

the evolution of activity on the Rear Wall. Two complementary measurement principles

can be utilized for this: Measurement using BIXS on the one hand and using the FPD to

perform so-called Rear Wall rate measurements on the other hand. For the latter a low

Uret = 14 kV is applied at the MS, in order to obtain high count rates at the detector which

allows for short measurement durations with low statistical uncertainty. In Table 6.1 an

overview of the key aspects of the utilized measurements is given. A detailed explanation

of the measurement of residual tritium on the Rear Wall using BIXS or the FPD is given in

Section 6.1.2.1 and Section 6.1.2.2, respectively. An estimation of the tritium activity based

on the measured rate by the FPD is presented in 6.1.2.3.

6.1.2.1 Monitoring Accumulated Tritium on the Rear Wall with BIXS

The functional principle of BIXS and its setup is explained in Section 3.4.3. The field of

view of the SDDs encompasses various areas, primarily focusing on the Rear Wall, with

a dominant portion covered, while smaller sections include portions of the vessel walls.

During nominal operation of the tritium source the main signal consists of X-rays being

dominantly created by β-electrons being magnetically guided to the Rear Wall which

outweighs any secondary signals. In order to interpret BIXS readings in the scope of

investigating the amount of tritium accumulated on the Rear Wall a more differentiated

approach must be taken.

While the main contribution to the signal is still expected to originate from the Rear Wall

the amplitude is two to three orders of magnitude smaller, when measuring the residual

tritium signal with the source empty. This causes additional contributions to the signal

stemming from the stainless steel vessel walls and from the gold coated Be windows directly

in front of SDDs to significantly contribute. While the contribution from the former can be

estimated due to characteristic X-rays from the steel, it is not possible to distinguish a signal

from the latter from the Rear Wall-signal, since both generate the same X-ray spectra. Due
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Table 6.1: Comparison of different measurement principles to monitor the Rear Wall activity.
While monitoring with BIXS can be performed passively as long as the WGTS is evacuated, the

Rear Wall rate measurements (second column) and the Rear Wall scan (third column) are active

measurements.

BIXS FPD (low Uret) FPD (scan)

Detection method X-rays e
−

e
−

Spatial resolution No Yes
1)

Yes

Area in field of view RW + Vessel walls RW
1)

RW

Beamline required No
2)

Yes Yes

Typical rates (1 to 10) cps
2)

(2 to 2000) kcps O(1 cps)
Measurement time 100 s (continuous) 10min 2 h

Application Monitoring during Activity evolution Determination of

decontamination over time spectral properties

1)
Slight shift in mapping to pixels.

2)
Readings vary depending on beamline configuration.

to the location outside of the magnetic flux tube the Be windows are expected to experience

a lower activity buildup since the proposed formation process as described in Section 5.2

requires directly impinging electrons. Additionally, the windows orientation facing away

from the WGTS prevents direct flight paths of tritium coming from the source. Those

effects are opposed by the higher probability of a decay occurring on the Be windows being

detected, due to its proximity to the detectors. Interpretation of BIXS readings also varies

drastically depending on the current B-field configuration. During nominal field settings

electrons being emitted from outside the flux tube cannot reach the Rear Wall. This reduces

the impact of tritium accumulated on the vessel walls on the BIXS readings. Additionally,

electrons emitted by tritium on the Rear Wall downstream are confined to the flux tube

and are mostly either reflected by the retarding potential at the MS or backscattered if

one of the valves is closed, further enhancing the signal. The main advantage of BIXS

regarding the investigation of tritium adsorbed on the Rear Wall is its availability even

when beamline valves are closed or the B-fields are ramped down. This enables BIXS to

continuously monitor the Rear Wall activity during any cleaning procedures which are

discussed in Section 6.2, while the FPD is not available. However, compared to the Rear

Wall rate measurements the data gathered with BIXS lacks spectral and spatial resolution

of the underlying residual spectrum.

6.1.2.2 Observing the Rear Wall Rate with the FPD

Additionally to the measurement discussed in Section 6.1.1 the FPD can be utilized to

quickly assess the amount of tritium adsorbed on the Rear Wall by performing the so-called

Rear Wall rate measurements. For this kind of measurement, the higher rate obtained
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at lower retarding potentials applied to the MS is exploited. At a retarding potential of

Uret = 14 kV the rate is increased by roughly a factor of 10
5
compared to measurements

near the endpoint, like the Rear Wall scans. This allows to gather about (10
6
to 10

9
) counts

in the measurement time of 10min, which leads to a statistical uncertainty of less than

0.1 % for the entire detector for the lowest rate measured. The average relative uncertainty

per pixel varies between (0.03 to 1.1) %. Due to the low retarding potential, electrons with

high surplus energy Esur = Eβ − qUret pass the analyzing plane. High surplus energies

lead to non-adiabatic transport conditions inside the main spectrometer which results

to transmission losses of electrons [Pra12; Hub21]. According to A. Huber [Hub21] the

surplus energies resulting from measurements performed at Uret =14 kV result in a decline

of the transmission probability of up to ≈10 % if measured in the standard NAP setting.

This effect, however, completely diminishes if the MAX LFCS
2
setting is applied. In addition

to the nominal pixel selection of KATRIN the pixels 134 and 144 are rejected for those

measurements. Unusual high rates are recorded for those pixels during Rear Wall rate

measurements, which persist when valve V0 is closed, indicating that at least parts of the

field lines connecting to those pixels collide with the beam tube wall.

The short measurement time makes repeated measurements throughout a campaign feas-

ible. The major part of the time required for performing Rear Wall rate measurements is

needed for the evacuation of the WGTS beforehand, which is discussed in Section 6.1.2.2.1.

Additionally, further effects that could impact the result of a Rear Wall rate measurement

need to be considered: High Rear Wall rates can lead to pile-up effects in the detector. A

procedure to correct for those effects and the accompanying uncertainty are presented in

Section 6.1.2.2.2. The impact of the field settings on the measured Rear Wall rate is quanti-

fied in Section 6.1.2.2.3. The effect of deviations in Uret on the recorded rate is estimated in

Section 6.1.2.2.4.

6.1.2.2.1 The Effect of Residual Gas on Rear Wall Activity Measurements In order

to reliably and comparably determine the signal stemming from tritium on the Rear Wall

surface, it is necessary to completely evacuate the WGTS. Any residual gas still inside the

source during the measurement of the Rear Wall rate causes a background rate. Figure 6.3

shows an example of the FPD rate decline recorded during the pumpdown of the WGTS,

with the data acquisition being started with some delay to the begin of the evacuation. A

model in the form of R(t) = R1 exp (k (t+ t0)) +RRW is fit to the data. The fit accurately

describes the rate trend, with −k varying in an interval of (4.6 · 10
−3
to 5.1 · 10

−3
) s

−1
for

different measurements. R1 = 1 cps is fixed to stabilize the fit. While k describes the system

inherent evacuation speed, t0 is primarily dependent on the time difference between starting

of the evacuation and initialization of the data acquisition. The most crucial parameter is

RRW which describes the Rear Wall rate towards which the measured rate converges. For

comparable measurement results the Rear Wall rate measurements have to be performed

2
The exact configuration of the setting can be found in Table A.1
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Figure 6.3: Rate trend during WGTS evacuation, recorded at Uret = 17 800V. While the time constant of

the exponential rate decline depends on the procedure of the WGTS evacuation, the offset towards

the rate converges varies depending on the activity accumulated on the Rear Wall. The uncertainties

on the data points are small, so the error bars are not visible.

after the rate stabilized. Since the time ∆t from start of the evacuation until the rate

converges to the Rear Wall rate lim
t→∆t

R(t) = RRW depends on the Rear Wall rate itself,

the required waiting time to start the Rear Wall rate measurement varies. For low Rear

Wall activities waiting times of up to one hour are required to achieve rate measurements

without significant trend.

6.1.2.2.2 Pile-up Correction for High Rear Wall Rates While the low retarding

potential of Uret = 14 kV allows for the accumulation of high statistics in short times,

high activities on the Rear Wall can lead to pile-up occurring on the detector. To ensure

consistency in the taken data sets, the retarding potential is maintained independently

from the observed Rear Wall rate and the corrections for potential loss of counts are applied
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during the data analysis. An empiric model has been developed by S. Enomoto
3
to describe

and account for possible pile-up losses. The correction procedure consists of the following

steps:

1. The FPD events are counted in an region of interest [Eth,Emax] with the maximum

energy resolved by the FPD Emax = 400 keV and the lower threshold

Eth =
1

2

(
E0 −

3

4
(E0 − qUret) + qVPAE

)
, (6.1)

where E0 = 18 575 eV and VPAE = 10 000V.

2. This rate is corrected by the factor

1

ϵPU
(6.2)

with

ϵPU = 1−WR (6.3)

where R is the event rate for a pixel and W = L + G + 25 ns = 1.828 µs with L
being the shaping length and G being the gap length of the trapezoidal filter (see

Section 3.3).

This procedure is applicable to data recorded down to Uret ≈ 14 kV and yields an correction

error of less than 0.5 % for a rate up to 50 kcps/pixel. Since this uncertainty is by nature

fully correlated for all data points in any dataset consisting of multiple Rear Wall rates

it is, contrary to the other uncertainties discussed in this section, only applied to the

final input parameters for the Rear Wall contribution to the KATRIN analysis chain (see

Section 7.4.1).

6.1.2.2.3 Impact of Field Settings on the Recorded Rate As mentioned earlier the

Rear Wall rate measurements are performed in the LFCS configuration called the MAX
setting to mitigate effects of the non-adiabatic motion of electrons in the MS. Subsequent

measurements of the RearWall rate in the MAX, NAP and SAP setting have been performed

to investigate the impact of different configurations. The inner electrodes have been set to

the asymmetrical SAP-like setting for the MAX and SAP setting, while for the NAP setting a

symmetrical 130 V setting was applied. All measurements resulted in a total rate of around

2.5Mcps registered by the FPD with the measurement in the MAX setting recording 0.2 %

higher rates as the NAP setting and 5.0 % higher rates than the SAP setting. The statistical

uncertainties on these rates are negligible compared to the observed differences.

In Figure 6.4, the relative rate differences between the measurement in the MAX setting

and the NAP (a) or SAP (b) setting are shown in the FPD pixel map. While the comparison

with the NAP setting shows a weakly pronounced dipolar trend, the overall relative rate

3
S. Enomoto: "FPD Pile-up Correction for Low-qU Measurements". Personal communication. Department

of Physics, University of Washington, WA, USA, 2023
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differences are small. The comparison with the SAP setting shows an increasing rate with

higher radii for the MAX setting, with the rate being up 20% higher on the outer rings.

This can be attributed to non-adiabatic effects occurring in the SAP-setting. Besides the

general loss of transmission probability due to an non-perpendicular orientation of the

non-adiabatic electron momentum at the analyzing plane. Additionally, electrons with a

high Esur which deviate from the symmetry axis of the MS are subject to an azimuthal drift

[Pra11; Pic92a]. This drift increases with the distance to the symmetry axis and leads to the

radial pattern seen in Figure 6.4b. Drifting electrons may exit the area of detection, leading

to a lower recorded rate. This effect is stronger in the SAP setting but largely mitigated by

the high B-fields of the MAX setting. The increase of the effect with increasing distance

to the symmetry axis results in a higher rate loss for greater radii in the SAP setting,

leading to the observed pattern. This effect is further mitigated in the MAX setting as the

higher B-field strength reduces the spatial extension of the flux tube, thereby decreasing

the average distance of propagating electrons to the symmetry axis [Hub21].

In both plots the shift of rate in the two left pixels of the bullseye can be explained by a

change of the mapping of the central hole in the Rear Wall to the neighboring pixel. While

typically the e-gun beam passes the hole, it also acts as an aperture for electrons emitted

by tritium accumulated behind the Rear Wall. This results in a somewhat focused electron

beam that is susceptible to changes in mapping due to alterations in the field setting.

Additional to the LFCS setting, the setting of the inner electrodes can affect the recorded

rate. During the course of the development of the Rear Wall rate measurements in the

MAXS setting the applied voltages to the steep cone inner electrodes have been changed.

Three different settings were applied:

Setting 1: The asymmetrical SAP-like setting,

Setting 2: A symmetrical 40 V setting, comparable to the NAP setting,

Setting 3: A symmetrical 130 V setting.

The symmetrical 130 V setting was selected as standard. To guarantee comparable data

a empirical conversion factor ξ1/2 was computed to convert the rates measured in Set-

ting 1/Setting 2 to an equivalent rate expected to be measured in Setting 3. This conversion

factor was determined by subsequently performing Rear Wall rate measurements in each

of the settings and comparison of the observed rate. For the uniform correction factors the

following results were obtained:

• ξ1 =0.9987,

• ξ2 =1.0088.

Those corrections for the entire detector are in the sub-percent level for both settings, with

the patch-wise correction factors reaching maximal values of up to 0.20 %(0.56 %) for the

SAP-like setting (40 V setting). The applied corrections are also regarded as additional

uncertainties.
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Figure 6.4: Comparison of different LFCS settings for Rear Wall rate measurements. The pixelmaps

show the ratio of the rates measured in the MAX setting to the rates measured in the NAP (a) and

the SAP (b) setting. For both plots the scale has been adapted to emphasize the dipolar or radial

trend.

6.1.2.2.4 Uncertainty due to MS Voltage Deviations To adequately consider devi-

ations in Uret in the Rear Wall rate measurements a basic model on the basis of deep scans

performed of Rear Wall spectrum was developed. The deep scan was performed with

measurement points in 500V separation and an acquisition time of 150 s per point. A

cubic polynomial RU(Uret) = aU3
ret

+ bU2
ret

+ cUret + d was fit as a simplified model of the

tritium β-spectrum to deep scan data. The region of interest is 3 kV around the setpoint

Uret,RW = 14 kV. The resulting fit is depicted in Figure 6.5 with the resulting fit parameters

a = −1.10 · 10
−6
cps/V

3
, b = 5.85 · 10

−2
cps/V

2
, c = −1.04 · 10

3
cps/V, d = 6.17 · 10

6
cps,

with negligible uncertainties on each. The structure in the residuals reflect the simplified

nature of this model. However, the description is sufficiently accurate to be used as an

estimation of the uncertainties on the Rear Wall rate based on the deviation of the actual

average Uret from the desired set-point at Uret,RW. Those deviations mostly occur since

operation in a non-standard setting is more prone to operator errors. Caution has been

given regarding the correct consideration of the inner electron settings and the deviating

behavior of the HV post regulation due to temperature changes occurring for high voltage

changes. The uncertainty σ∆U on the rate R is computed by extrapolating the expected

rate difference due to the deviation of Uret

σ∆U = R

(
1− RU(Uret)

RU(Uret,RW)

)
.
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Figure 6.5: Cubic interpolation of the Rear Wall spectrum at low Uret around Uret,RW. While the

cubic model is simplified, it sufficiently describes the spectrum to estimate uncertainties caused by

deviations in the retarding potential. The uncertainties on the data points are small, so the error

bars are not visible.

This uncertainty is then added in quadrature to the statistical uncertainty and the uncer-

tainty induced by the correction of the IE settings.

6.1.2.3 Activity Estimation

Lastly, the Rear Wall rate measurements can be used to quantify the activity deposited

onto the Rear Wall. The previously discussed corrections are applied to the Rear Wall

rate, which is used to compute the input for the KATRIN analysis chain. However, to

gain further insight into the underlying processes of tritium accumulation and removal

on the Rear Wall it can be helpful to calculate the actual tritium activity on the Rear

Wall. The tritium activity can be used to quantify the amount of substance which allows

probing different models for the activity growth on the Rear Wall. While only a lower

limit on the activity can be given due to limitations of the sensitivity of electrons being

emitted deeper inside the material due to energy less of electrons, consideration of surface

near activity is sufficient. Apart from the aforementioned extrapolation of the recorded

Rear Wall rate to the expected rate over the entire spectrum additional considerations are

necessary. Electrons being emitted by surface-bound tritium on the Rear Wall have no

preferred direction of flight. Based on an isotropic angular distribution electrons emitted in
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downstream direction are either magnetically reflected or guided towards the FPD, if their

emission angle is smaller or equal the acceptance angle. Electrons emitted toward the Rear

Wall undergo scattering. About 28 % of the electrons with Ekin≥14 keV moving downstream

were initially emitted towards the Rear Wall. Depending on the angle of reflection, some

of these electrons may again reach the FPD. Due to the lower magnetic field BRW = 1.23 T

at the Rear Wall compared to the field Bsrc = 3.6 T in the WGTS, the acceptance angle

of interest is lower with θmax, RW ≈ 33° (see Sections 3.1 and 3.3.2). Since the reflection of

electrons being emitted towards the Rear Wall affects their energy and angular distribution

GEANT4 [Ago03; All06; All16] simulations have been conducted to allow for a connection

of the Rear Wall rate and the actual Rear Wall activity. For those simulations N = 109

electrons starting directly on Rear Wall surface were simulated, with the angle distribution

being isotropic and the energies distribution matching the tritium β-spectrum. Only single

scattering events were considered. Three different scenarios were simulated:

1. A pure gold surface,

2. A 20 nm carbon layer on a gold surface,

3. A 50 nm carbon layer on a gold surface.

The results of the angular-spectral distribution of all electrons moving downstream after

maximal one scattering process is depicted in Figure 6.6a for the pure gold scenario. The

region of interest containing the electrons capable of reaching the FPD due to sufficient

kinetic energy and falling within the acceptance angle is marked with a dashed rectangle.

Figure 6.6b shows a comparison of the angular distribution of all electrons with an energy

Ekin ≥ 14 keV for the three different scenarios. The sum of all events in the region of

interest

NΣ =
∑

Ekin≥14 keV,θ≤33°

Ni

together with the initial number of electrons N is used to calculate an extrapolation factor,

which allows to convert the measured Rear Wall rate to a lower limit of activity on the

Rear Wall in Becquerel. The extrapolation factor ract =
N
NΣ

yields for the three scenarios:

1. ract,Au = 386,

2. ract,20 nm C = 402 and

3. ract,50 nm C = 417.

The increasing value of ract for an increasing thickness of the carbon layer can be explained

with the worse backscattering characteristics of carbon, which can also be observed in

Figure 6.6b. Due to the lower Z of carbon compared to gold, the scattering probability for

the electrons is reduced, leading to a lower direct backscattering probability. Additionally

the electrons penetrate deeper into the material, further reducing the probability of an

electron leaving the material in downstream direction. A reduced backscattering probability

in turn leads to a fewer events being registered by the FPD per decay on the Rear Wall,

leading to a higher conversion factor of FPD rate to tritium activity on the Rear Wall. These
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factors allow for a rough estimation of a lower bound for activity accumulated on the Rear

Wall surface (see Section 6.2.3 and Section 7.3). However, this estimation does not account

for tritium that may have migrated deeper into the Rear Wall material. Nor does it consider

second-order effects such as electrons emitted downstream, magnetically reflected back to

the Rear Wall, and subsequently backscattered within the acceptance angle. Additionally,

further dedicated study is required to quantify the decrease in detection efficiency of the

FPD due to backscattering of electrons with high Esur.

While the actual Rear Wall activity is not required for the KATRIN analysis chain it allows

for crosschecking models developed to understand the tritium accumulation process on

the Rear Wall enables us to contextualize the results of the next section.

6.2 Removal of Tritiated Hydrocarbons from the Rear
Wall

Removal of adsorbed tritium on the Rear Wall is the preferred countermeasure to minimize

the systematic effects on the neutrinomass analysis. This approach entails a direct reduction

of the secondary spectrum background, without introducing additional uncertainties

inherent in analytical background consideration. Since only β-electrons with energies near

E0 are of interest and electrons being emitted by tritium absorbed deeper within the bulk

material experience energy loss during their escape, this work focuses on decontamination

techniques for surface-near bound tritium. Different techniques have been investigated to

find the most effective process to decontaminate the Rear Wall with minimal impact on

the operation of KATRIN and to gain insight on the state of bound tritium as described

in Chapter 5. This section provides an overview of the investigated decontamination

techniques and presents results of the applied decontamination procedures. The results

are then examined with regard to the underlying adsorption process of the contamination.

Results shown in this section have partly already been published [Ake23].

6.2.1 Overview of Investigated Decontamination Techniques

The decontamination procedures for the RearWall need to meet the following requirements

to guarantee a minimal impact on the KATRIN operations and data taking:

• The process has to be performed in-situ, since a removal of the Rear Wall from the

system would be excessively time-consuming.

• The procedure should have no significant impact on the vacuum system or built in

components.

• It must be achievable using the existing system, as modifying the system or imple-

menting additional tools would not be feasible.
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(a) Angular-spectral distribution.
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(b) Angular distribution for E > 14 keV for different surface conditions.

Figure 6.6: Angular-spectral distribution of electrons emitted on the Rear Wall surface. A total

of 1 · 10
9
electrons with isotropic angular distribution and an energy distribution following the

tritium β-spectrum are simulated on top of the Rear Wall surface. Any electron being propagated in

downstream direction after a maximum of one scattering process is counted. The area enclosed in

dashed lines depicts the area of interest for the Rear Wall rate measurements. Data provided by D.

Batzler.
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• The time scale of the process should permit to conduct it during the maintenance

phases.

• A significant reduction of contamination levels has to be achievable, to reduce the

impact of the residual tritium on the KATRINmν analysis.

Another crucial requirement is minimizing the impact of the decontamination procedure

on parameters affecting the mν measurement, particularly the stability of the Rear Wall’s

work function, which plays a vital role as discussed in Section 5.3.2. Some cleaning

techniques may alter the work function, as anticipated by Prediction 9. This is considered

in the execution of the decontamination process to minimize any effect, as mentioned

in Section 6.2.3. Since work function changes cannot be entirely avoided during surface

decontamination, they are closely monitored through dedicated measurements, which are

also part of the Q-value determination process [Ake24a]. However, as these measurements

go beyond the scope of this work, they are not discussed in further detail here.

The available system is depicted in Figure 6.7. The Rear Wall chamber is located between

the WGTS, from which it can be separated by valve V0 and the so-called mid-chamber (not

shown) which provides a vacuum system, that allows evacuation of the system down to less

than 10
−6
mbar. The vacuum system has access ports which allows for injection of various

gases. The Rear Wall is mounted on a holder close to the connection to the mid-chamber.

An optical port allows illumination of the Rear Wall with light with discrete emission lines

at wavelengths of 185 and 253 nm by two miniZ Hg-UV lamps with each 24W of electrical

power. Two BIXS systems allow continuous inline monitoring of the activity within the

Rear Wall chamber. The gate valve is closed during the decontamination process, thereby

preventing activity monitoring by the FPD. The walls of the primary system (grey) can

be heated up to (100 to 110) °C. With separate heaters the Rear Wall can reach a maximal

temperature of 165 °C.

The following decontamination procedures have been selected based on the discussion in

Sections 5.2.2 and 5.2.3 and were performed in subsequent steps:

• Prolonged evacuation: Evacuation of the system over a long period of time gives

insight into the contribution of residual tritium gas in the Rear Wall chamber which

could contribute to the observed rate. The stability of the rate monitored during

evacuation also yields information regarding possible outgassing of tritium from the

vessel walls which can give insight into the nature of the bounding mechanism.

• Illumination of surfaces with UV light: Illumination of the contaminated surfaces

with UV light during evacuation of the system could lead to desorption of weakly

bound molecules and partly to dissociation of C-T bonds, leading to desorption of

tritiated remnants, which in turn are removed due to the evacuation, causing the

observed rate to decline.

• Heating of surfaces: The presence of tritium bound as adsorbed HTO can be

determined if after heating of the surfaces a decrease of the rate can be observed.
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Figure 6.7: Cross-sectional drawing of the Rear Wall chamber, depicting the gold coated Rear Wall

and Be window (yellow) of one of the BIXS systems. To the left the system is connected via a DN63

tube to the so-called mid chamber, which provides capabilites for gas injection and evacuation.

The upper part portrays the optical port, where two MiniZ lamps are located behind two vacuum

view ports HPFS Corning code 7980 in roughly 550mm distance to the Rear Wall. The connection

of the system to the WGTS can be closed using a gate valve, which is done during the entire

decontamination process. Illustration as published in [Ake23] under the CC BY 4.0 license http:

//creativecommons.org/licenses/by/4.0/.

• Purging with 6mbar N2 and air as carriergas: Purging with carrier gas increases

the effectiveness of purging the system from residual tritium gas by expelling re-

maining trace amounts.

• Repeated exposure to 20mbar D2: Surface trapped tritium can be removed utiliz-

ing the isotope exchange effect.

• Exposure to 40mbar air: Filtered air with residual humidity can act as both a

carrier gas and a reactant to bind tritium in gaseous molecules. Additionally, H2O in

the air serves as partner molecule for isotope exchange or further chemical reactions.

• Exposure to 100mbar air combined with UV illumination: Strongly bound

tritium, especially in stable hydrocarbons or aC:T can be removed by UV/ozone

cleaning.

Table 6.2 lists the sequence of decontamination procedures conducted in the investigation,

together with the corresponding duration and obtained decontamination effect.

87

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


6 Accumulated Tritium on the Rear Wall: Observation and Removal

Table 6.2: Overview of investigated decontamination procedures and their parameters. The observed

rate reduction was determined using the corresponding BIXS rates with accumulated data of 15min,

1 h or 2 h, depending on the available time-gap between the previous and following the procedure.

The heating (Step 2) overlaps all other procedures, it was activated during Step 1 and continued

throughout the entire investigation. All other procedures were performed subsequently in the order

they are listed.

Step Procedure/Medium Pressure (mbar) Duration (h) Rate reduction relative

to previous rate (%)

1 Evacuation <10
−6

960 1.5
2)

2 Heating <10
−6

504 3
1)

3 N2/Air 6 1.5 -

4 Evacuation <10
−6

20 -

5 Air 6 7 6.4

6 Evacuation <10
−6

17 -

7 D2 20 7.5 -

8 Evacuation <10
−6

16 -

9 D2 20 23 4.6

10 Evacuation <10
−6

4.5 -

11 Air 40 21.5 24.3

12 Air + UV 100 4.5 34

13 Air 100 15 7

14 Air + UV 100 54 94

15 Evacuation <10
−6

27 25
3)

16 Air + UV 7 20 55

17 Evacuation <10
−6

4 35
3)

1)
Given reduction observed within ≈ 1 d, procedure continues until end of the last Step.

2)
Start predates beginning of heating. The given reduction is calculated from start to begin

of Step 1.
3)
Due to removal of gaseous activity due to previous decontamination procedure.

6.2.2 Rate Development During the Decontamination of the Rear
Wall

Three dedicated Rear Wall decontamination procedures were carried out in the scope of

this work. This section focuses on the procedures themselves, discussing the effectiveness

of different techniques and the insights gained. The impact of these procedures on the

dynamics of the Rear Wall rate evolution is explored in Section 7.1.
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Figure 6.8: Evolution of the BIXS count rate during the Rear Wall decontamination investigation.
For each investigated procedure the corresponding period is marked and denoted with numbers,

as detailed in the legend. With the heating being applied continuously following the marked start.

Prior to the data shown in the plot the Rear Wall was illuminated with UV over a timespan of 4 d.

During this period the rate declined by less than 2.5 %.

6.2.2.1 First Rear Wall decontamination

The first dedicated Rear Wall decontamination was carried out after approximately two

years of KATRIN operation. Prior to this, only extended UV illumination of the Rear

Wall had been performed, following KNM2. During that time, 122 days of illumination

resulted in a decontamination effect of (16 to 23) %, corresponding to a rate of (0.015 to

0.022) % d
−1
.

The evolution of the BIXS rate during the dedicated decontamination procedures is shown

in Figure 6.8 with the intervals of the respective decontamination procedures marked.

Preceding the data shown in the plot the system was evacuated over a period of 35 d,

during which a decline of the measured rate of roughly 1.5 % relatively to the previous rate

was observed. Additionally, the UV illumination was activated for a duration of 4 d, leading

to a reduction of the observed rate by less than 2.5 %. For better visibility those periods

are not shown in the plot. Step 1 marks the start of the heating of the system. During

continued evacuation (step 2) the heating resulted in a rate decrease of 3 % after a time

period of 5 d, with the main effect taking place within the first day of heating.

Subsequent purging of the system with N2 (≈ 6mbar) and air (≈ 5mbar) in step 3 resulted

in an prompt decline of count rate which is associated with scattering and absorption of

β-electrons in the gas. The decline is completely reversible and upon evacuation of the

gas (step 4) the observed rate returns to the previous level. Increase of the exposition time
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with ≈ 6mbar air (steps 5-6) or a change of the medium to D2 at ≈ 20mbar (steps 7-10)

resulted in the same behavior. Only following the prolonged exposure in step 9 a decline

of the rate of less than 5 % can be observed, indicating that no significant decontamination

effect has been achieved. The marginal decontamination results of these procedures align

with Prediction 4.

Exposing the system to ≈ 40mbar of filtered air with residual humidity (step 11) resulted

in a sudden reduction of the observed count rate, followed by a continuous linear rate

decline of roughly 5 % d
−1
. This decline is credited to the decontamination effect of the

residual humidity, as described in Section 5.2.3. Following the initial gas introduction into

the system at the beginning of step 11 no exchange of gas took place, implying that no

activity was removed from the Rear Wall-chamber. The observed BIXS rate decline is

attributed to an increasing amount of tritium being removed from surfaces. The probability

of β-electrons being emitted inside of the volume interacting with the Rear Wall and

generating X-rays for BIXS to detect is considerably smaller. This effect is further increased

by the attenuation by the gas mentioned earlier.

In step 12 additional air was introduced into the system until a pressure of roughly 100mbar

was reached and the UV illumination was activated. This resulted in a steep, continuous

decline of the count rate. Upon deactivating the UV illumination in step 13 the rate decline

returned to a slower pace comparable to the one observed during step 11. Reactivating

the UV illumination in step 14 led to continued decline of the count rate following an

exponential trend with a time constant of t1 = (14.01 ± 0.06) h. The time offset t0 was
chosen to mark the time the UV illumination was activated. Subsequent evacuation of the

system in step 15 led to a≈ 25 % decrease of the rate alongside with the removal of tritiated

gas species. The decontamination with air and UV illumination was then continued with an

air pressure of 7mbar for 9 d (step 16). During this time the rate decreased by further 71 %.

Over a time-span of 14 d following the last decontamination step no significant recovery

of the count rate was observed.

The high decontamination effect achieved by the UV/ozone cleaning in steps 12 and 14,

along with the small but observable isotope exchange effect from residual humidity in

step 11, supports prediction Prediction 5. Additionally, the time constant t1 leads to an

activity decrease of approximately 7 % after one hour, which is consistent with the findings

of Vennhaus et al. [Ven02], who reported a 5 % decrease under similar conditions.

6.2.2.2 Second Rear Wall decontamination

After KNM6, following the re-accumulation of tritium on the Rear Wall during standard

KATRIN operation of roughly one year, the decontamination process was repeated with a

80:20 He/O2 mixture to exclude any possible contribution of non-oxygen components in the

gas mixture. The recorded BIXS rate is depicted in Figure 6.9. The initial count rate was at

a comparable level to the previously shown data. Notable is the stronger decontamination

effect of the heating. The rate reduction achieved within one day amounts to approximately
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Figure 6.9: Evolution of the BIXS count rate during the second Rear Wall decontamination proced-
ure. The red line marks the time of starting the heating. The beginning of the exponential decay

marks the activation of the UV-illumination. As decontamination gas a 80:20 He/O2 mixture was

used.

8 %. Illumination with UV light resulted in an exponential decline of the count rate with

a time constant t1 = (10.22 ± 0.06) h which is slightly shorter compared to the previous

result. This indicating an increased effectiveness of the cleaning procedure. Considering

the multiple different decontamination approaches combined in the first process and the

absence of humidity in the gas mix this change cannot clearly be attributed to either

being caused by the differing process or potential changes in the characteristics of the

adsorbent.

6.2.2.3 Third Rear Wall decontamination

A third cleaning of the Rear Wall was performed after KNM7, following about two and a

half months of tritium circulation, employing the same procedure as during the second

cleaning. The recorded BIXS rate is depicted in Figure 6.10. The initial count rate amounts

to approximately 27 % of the rate observed prior to the second cleaning, which is expected,

given the short duration of the tritium circulation beforehand. Remarkably, the effect of

heating is much more pronounced. It leads to a 30 % reduction in the count rate within

just one day, followed by a significant and continuous decline afterward. With this decline

continuing during the UV/O3 cleaning, the function to describe the exponential decline is

modified to

RBIXS = RBIXS,0 + A exp

(−t+ t0
t1

)
+m (t− t0) (6.4)
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Figure 6.10: Evolution of the BIXS count rate during the third Rear Wall decontamination proced-
ures. The red line marks the time of starting the heating. The beginning of the exponential decay

marks the activation of the UV-illumination. As decontamination gas a 80:20 He/O2 mixture was

used. Following the previous cleanings the heating resulted in a more pronounced and continuing

decline. This decline was approximated as linear (dashed orange line) and considered in the evalu-

ation of the UV/O3 decontamination trend (solid orange line).

to accommodate for the overlap of both effects. To facilitate fitting, the decline is ap-

proximated to be linear, with the slope being determined in a fit to the last section of the

data, before the UV/O3 cleaning is started, as depicted in the plot by the dashed line. The

determined slope is then considered as a fixed parameter in the fit function in Equation (6.4),

which yields a time constant t1 = (3.46± 0.12) h, which is notably lower compared to the

results of the two previous cleanings. Suggesting a higher decontamination effectiveness

for both, the heating and the UV/O3 cleaning compared to the previous iteration of the

process, possibly due to a largely reduced density of aC:T. This scenario is discussed in

more detail in Section 7.1.2 and a first indication for Prediction 8 being met.

6.2.3 Comparison of Rear Wall Rate Before and After the UV/O3

Cleaning Using the FPD

The final achieved decontamination factor of roughly 1300 for the first Rear Wall cleaning

was determined by comparing measurements before and after the above described proced-

ure using the KATRIN setup as described in section Section 6.1.2. The assessed lower value

for the surface activity of the Rear Wall after the decontamination was 1.1 kBq cm
−2
. In

Figure 6.11 the distribution of the activity on the Rear Wall as seen by the FPD is shown for
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Figure 6.11: Distribution of the near-surface tritium on the Rear Wall, as seen by the segmented FPD

(a) before and (b) after the first UV/ozone decontamination. The total rate was decreased by a factor

of roughly 1300. In (b), a rate hot spot in the center is visible. The hot spot is caused by β-electrons
being emitted from tritium contamination behind the rear wall and passing its central hole.

those two measurements. While the first measurement shows an azimuthally homogeneous

distribution of the activity declining with increasing radius, the second measurement shows

a notably lower count rate at the right side. This area coincides with the incoming UV

illumination, indicating stronger decontamination effects on areas where a higher UV light

intensity or ozone concentration could be expected. It is not entirely clear from literature,

whether the UV light directly causes the decontamination [Oya01a] or whether the effect

is solely caused by ozone as suggested by Ishikawa [Ish97]. However, the data shown in

the previous section demonstrates that the combined UV/ozone approach is significantly

more effective, than UV alone.

Figure 6.12 shows the FPD pixelmaps of the Rear Wall rate measurements before and

after the second cleaning. While the first cleaning aimed to achieve the highest possible

reduction of activity that could still be detected by BIXS, the goal of the second cleaning

was to decrease the Rear Wall activity by up to two orders of magnitude. This limitation

was set since the reduction is sufficient and the shorter cleaning time minimizes the impact

of cleaning on other surfaces, such as the vessel walls of the Rear Wall chamber, whose

work function might affect plasma properties [Kel22]. In comparison to both measurements

before the cleaning (see Figure 6.11a and Figure 6.12a), the rate distribution appears more

homogeneous. A detailed discussion on the distribution of tritium on the Rear Wall
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Figure 6.12: Effect of the second Rear Wall cleaning, as seen by the segmented FPD (a) before and (b)

after the UV/ozone decontamination. The total rate was decreased by a factor of roughly 80.

and the insights that can be derived from this are provided in Section 7.1.2.5. After the

cleaning the pixelmap again exhibits the previously discussed dipole structure regardless

of the overall higher rate due to the shortened cleaning. For the third measurement, no

decontamination factor can be provided due to technical reasons that prevented prior

measurements. Nevertheless, the results of the third cleaning align with the previously

discussed findings, showing a lower rate post-cleaning. A summary of the key parameters

of all three cleanings is given in Table C.1. The development of the rate due to the

accumulation of tritium and the impact of the cleaning procedures on the accumulation

characteristics are further elaborated in Section 7.1.2.

6.3 Discussion of the Results

The results presented in the previous sections open up discussions on two key fronts. Firstly,

the insights gained from the Rear Wall scans and activity measurements, coupled with

the successful development of a cleaning procedure for the Rear Wall, lay the foundation

for a comprehensive strategy to mitigate the impact of the residual tritium spectrum on

the KATRIN neutrino mass analysis. This discussion forms the first part of this section.
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Additionally, these results also offer an opportunity to begin probing the model proposed

in Section 5.3.

In the second part, Section 6.3.2, the spectral properties and characteristics of the second-

ary spectrum determined during the multiple decontamination procedures are discussed

regarding the insights they provide of the underlying molecular properties of the bound

tritium. Both discussions will be complemented by the results obtained from investigations

of the systems dynamics, the findings of which will be presented in Chapter 7.

6.3.1 Pathway to the Mitigation of the Residual Tritium Impact on
themν Result

In summary of the previous sections of this chapter, on the formulation of a strategy

to mitigate systematic effects on the KATRINmν analysis, three main results come into

focus:

1. Rear Wall scans reveal that the residual tritium spectrum displays a signi-
ficant different endpoint from the gaseous one, but the spectral shape stays
constant over time.
While the low rate requires measurements spanning 2− 4 days to accumulate suf-

ficient statistics the spectral shape can be characterized using three fit parameters:

The endpoint, the FSD-shape parameter and the signal, which changes over time.

2. Rear Wall rate measurements requiring about one hour including prepar-
atory measures can be performed to supplement the spectral data obtained
from Rear Wall scans.
Improving the statistics gathered in a short time by measuring the Rear Wall rate at

a low Uret = 14 keV allows to intermittently monitor the evolution of the Rear Wall

activity. While this enables the extrapolation of the changing signal of the residual

spectrum, it comes with a list of challenges. The associated effects with the required,

specialized measurement configuration have been identified, investigated and been

accounted for in the analysis chain in Section 6.1.2.

3. RearWall cleanings effectively reduce the amount of accumulated tritium on
the Rear Wall, achieving a reduction of the activity to ≈ 1% (≈ 1‰) within
1 week (2 weeks) requiring only minor consideration in the measurement
schedule when conducted during maintenance phases.
The effectiveness was found to increase with each conducted cleaning procedure,

increasing the speed of the decontamination process and deteriorating the tritium

retention of the Rear Wall.

These three results can be combined in the following procedure to mitigate the impact of the

residual tritium on the determination ofmν with minimal measurement time required.
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The residual spectrum shape gets infrequently but regularly characterized by conducting

RearWall scans before and after eachmeasurement campaign. RearWall rate measurements

being performed intermittently every 2 to 4weeks throughout eachmeasurement campaign,

allow for modeling the rate evolution. This model is used to inter- and extrapolate the

results of the Rear Wall scans to account for the total contribution of electrons emitted by

the residual tritium to theβ-scan data of the campaign. This first aspect of mitigation, which

relies on analytical consideration of the residual tritium background gets supplemented by

Rear Wall cleanings. These reduce the systematic uncertainty inherently caused by the

analytical background treatment. Additionally the previously presented results suggest

that repeated cleanings lead to a long term improvement of the background. This rough

sketch of the procedure will be elaborated in more detail in the next chapter, containing

information of the evolution of the residual tritium.

6.3.2 Insights on the Molecular State of Tritium on the Rear Wall

Analogous to Section 6.3.1 the results of the previous sections can be probed for information

on the underlying processes of tritium sorption and retention onto the Rear Wall.

Insights can be gained from the shape of the secondary spectrum. The overall statistics

and resolution are not sufficient to probe the data for characteristics of the underlying FSD

and the availability of detailed FSDs in literature is severely limited. In the absence of these

inputs, a modification of the available FSD, as discussed in Section 4.3.1 of T2 is applied

to find a best working approximation. The need to modify the FSD suggests that tritium

is present in a state different to T2. This is in agreement with the resulting values for the

endpoint of the secondary spectrum, which are found to be higher than those of gaseous

T2, as expected according to Prediction 2.

The results of the Rear Wall rate measurements are most informative in conjecture with

their evolution over time and are thus discussed in the upcoming chapter.

The majority of insights from this chapter are gained from the results of the cleaning

studies which are discussed in the following paragraphs.

The varying effectiveness of the different performed decontamination procedures allows

for an estimation of the nature of the contamination on the Rear Wall. The marginal decline

of rate observed during the prolonged evacuation indicates a minimal amount of residual

tritium gas present in the recipient and that no significant out-gassing occurred. This

explains the lack of decontamination achieved by purging the system with inert N2 as

carrier gas for low concentrations of gaseous tritium [Nis03].

The exact composition of the tritiated molecules on the surface of the Rear Wall cannot be

determined with the presented data. However, the results support the working hypothesis

that the adsorbed activity primarily consists of tritiated amorphous carbon (aC:T) deposited

on the Rear Wall. Additionally, some of the observed activity is likely due to adsorbed HTO,

which is present on the Rear Wall as an additional tritiated species. The presence of HTO
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is suggested by the observed but limited decontamination of heating and the exposure to

ambient air [Oya01b; Tor02]. From the presented data no clear conclusion can be drawn

from the lack of decontamination achieved by D2 exposure - apart from the known fact,

that decontamination with humid air is more effective.

The resilience against the initial decontamination processes support Prediction 4 and the

subsequent strong decontamination effect achieved by UV/O3 cleaning suggests strongly

bound tritium as e.g. tritiated co-deposited carbon layers [Ven02; Shu01; Oya01a]. This, in

combination with the observes decontamination effect due to the exposure to the residual

humidity of ambient air confirms Prediction 5.

This leads to aC:T being a possible candidate for the contaminating species removed by this

step. The formation under the present conditions is expected as discussed in Section 5.2

and aC:T can be resistant to all the other decontamination procedures performed while

UV/ozone cleaning which is widely applied for removal of organic contaminants proofed

to be effective.

Additional information can be drawn from the changes observed upon repeated cleanings.

An increased efficacy for both, decontamination by heating and by UV/O2 cleaning, was

observed after each iteration. This indicates a modification of the adsorbent with each

cleaning, reducing its resistivity to cleaning and reducing its ability to retain tritium.

A possible interpretation of those findings matches with model proposed in Section 5.3.

The continued removal of adsorbent, like aC, leads to decreased availability of binding

partners to form stable compounds. This results in either additional tritium or tritiated

compounds being less likely to be retained on the surface due to weak binding or lack

of available partners for restructuring after electron-induced dissociation. Consequently,

there is an increased portion of tritium binding through weak bonds or weak physisorption

on gold, as the removal of carbon limits the possibility of forming aC:T.
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The consideration of the secondary tritium spectrum in the KATRIN analysis chain requires

a thorough understanding of the tritium accumulation process on the Rear Wall. This

understanding is essential for accurately assessing the Rear Wall rate at any given time

during a measurement campaign and for evaluating how adsorbed tritium contributes to

the measured β-spectrum.

This chapter discusses the observed tritium accumulation dynamics on the Rear Wall. The

chapter begins in Section 7.1 by presenting the tracking of the growth of Rear Wall activity

and quantifying its impact on the measured β-spectrum. Following this, Section 7.2 reports

on the probing of the underlying processes driving tritium accumulation through dedicated

measurements and their corresponding results. The model discussed in Section 5.3 is then

evaluated in Section 7.3, where empirical data is used to test the predictions of the model.

Finally, Section 7.4 consolidates the findings from this work, providing essential inputs for

the analysis chain and formulating recommendations to manage tritium adsorption during

the experimental operation of KATRIN.

7.1 Accumulation of Tritium Activity on the Rear Wall
Over Time

This section introduces a method to quantitatively describe the temporal evolution of the

Rear Wall rate. The rate evolution is expected to be linked to the growth of the aC:T layer

on the Rear Wall. Similar to the growth model for aC discussed in Section 5.2.1.2, this

growth is expressed as a function of dosage, as outlined in Prediction 1. To effectively

describe dosage, the concept of "integral flow" is introduced in Section 7.1.1, which is

a measure of the accumulated tritium throughput through the WGTS. In Section 7.1.2,

the evolution of the Rear Wall rate relative to the integral flow is detailed, along with an

analysis of how intermediate cleaning procedures, discussed in Section 6.2, influence the

accumulation behavior.

Additionally, this section tests the model developed for tritium accumulation by examining

several predictions outlined in Section 5.3.2.
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7.1.1 Integral Flow as Measure of Exposure

As discussed in Section 5.2.1.2, the growth of the aC:T layer - and consequently the increase

in the Rear Wall rate - is expected to correlate with the dosage the Rear Wall surface

is exposed to. In this context, the integral flow has been selected as a measure for the

dosage. This analogy arises from the fact that the dosage on the Rear Wall surface is

dependent on the tritium activity within the WGTS, which is regulated by the flow of

tritium. Since the β-decay rate in the WGTS is proportional to the tritium flow, the total

dosage is proportional to the integrated flow f , making the integral flow an appropriate

measure of exposure. Additionally, this metric inherently accounts for the availability of

tritium for incorporation into the aC layer.

The integral flow is calculated from slow control data of the KATRIN Loops system, follow-

ing an analysis provided by A. Marsteller. The data used includes readings from the pressure

sensor of the pressure-controlled buffer vessel, temperature and flow sensor data, and valve

positions. Other peripheral systems are also considered. BIXS readings are included to

account for source activity, and the gas composition, particularly the concentration of

tritium and other isotopologues, as determined by the Laser-Raman system, is also taken

into account.

Different operation modes are distinguished within the analysis, including the initial "30 K

mode," the combined Tritium and Krypton mode, and the "80 K mode" [Mar20; Mar22;

Ake24a].

This analysis utilizes a reimplementation of ab initio gas kinetics calculations by F. Sharipov,

incorporating the geometry relevant to tritium circulation in the WGTS. The so-determined

column density is included to consider the gas amount and throughput recirculating into

the WGTS in specific circulation modes. Valve positions in the KATRIN beamline are

evaluated regarding their impact on the circulated tritium affecting the Rear Wall. The

uncertainty arising from the use of the integral flow for interpolation and extrapolation of

the Rear Wall rate is estimated to amount to 0.2 % of the resulting rate.

The cumulative tritium flow over time is shown in Figure 7.1, with corresponding meas-

urement phases indicated. The integral flow is reset to zero after each Rear Wall cleaning

following KNM4, KNM6, and KNM7 (as discussed in Section 6.2.2). During measurement

phases, tritium circulation leads to a steady increase in the integral flow, which is dependent

on the column density and the circulation mode. Conversely, during maintenance phases or

special measurements without tritium, the integral flow remains stagnant due to the halt in

circulation. The plot clearly illustrates the "burn-in" phase during KNM1, characterized by

reduced tritium throughput. During this phase the column density in the WGTS was varied

widely with different throughputs being achieved. This phase was especially characterized

by the high amount of tritiated methane being formed since it marked the initial tritium

exposure to the stainless steel walls of the system.
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Figure 7.1: Integral tritium throguhtput over KNM1-KNM13. The integral flow accumulates during

tritium circulation in the WGTS. To reflect the exposure of the Rear Wall tritium circulated while

valve V0 is closed is excluded and the integral flow is set to zero following each UV/ozone cleaning

of the Rear Wall as can be seen following KNM4, KNM6 and KNM7.

Starting from KNM4, the standard measurement mode was switched from the "30 K mode"

to the "80 K mode," which involves bypassing the permeator within the loops system for

part of the gas flow. This change results in a higher tritium throughput at the same column

density and reduces the removal of impurities from the circulated gas.

7.1.2 Temporal Evolution of the Rear Wall Activity

Using the relationship between time and integral flow depicted in Figure 7.1, the Rear Wall

rate measurements outlined in Section 6.1.2.2 can be plotted as a function of the integral

flow. This step, along with understanding the correlation between the Rear Wall rate and

the integral flow, is a crucial part of the mitigation strategy presented in Section 6.3.1. It

also serves to probe the underlying tritium accumulation process, particularly in relation

to Prediction 1 and eventually Prediction 8.

The temporal evolution of the Rear Wall rate will be discussed in several stages. In

Section 7.1.2.1, the results from measurement phases KNM1-4 are covered. Phases KNM5

and KNM6 provide insights into tritium accumulation on a freshly cleaned Rear Wall, as

discussed in Section 7.1.2.2. The behavior of the Rear Wall rate after multiple cleanings is
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Figure 7.2: Evolution of the Rear Wall rate of KNM1-4 as a function of the integral flow. The respective

neutrino mass measurement campaigns are highlighted in the background. Due to unstable condi-

tions during KNM1 no quantitative analysis has been performed for KNM1 and KNM2. The dashed

line is a fit result, suggesting that a rate evolution as mentioned in Prediction 1 could be possible.

qualitatively addressed in Section 7.1.2.3, with ongoing work focused on recovering the

KNM7 data. While these sections focus on an uniform look at the Rear Wall rate to build a

fundamental understanding of accumulation, Section 7.1.2.4 provides a more detailed look

at the patchwise development, which is essential for addressing the needs of the KATRIN

mν analysis, as described in Section 3.3.

7.1.2.1 KNM1-4

Figure 7.2 illustrates the evolution of the Rear Wall rate over the integral flow for the

first four KATRIN neutrino measurement phases. The colored background indicates the

measurement periods of β-scans. The rate over the course of KNM1 and KNM2 initially

shows a growth, which gradually decreases in magnitude, as suggested by the dashed line fit.

However, this analysis remains qualitative and does not offer a definitive understanding of

the varying parameters during the early circulation, particularly during the "burn-in phase"

mentioned earlier. There is also uncertainty regarding the condition of the Rear Wall before

its exposure to tritium, as no in-situ cleaning was performed prior to this exposure. While

these results hint at affirming Prediction 1, the large number of unconsidered variables
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Figure 7.3: Rear Wall rate evolution model of KNM3-4. The model consists of a linear fit with the

respective x and y residuals being depicted next to and below the plot. The respective neutrino

mass measurement campaigns are highlighted in the background. The error bars are too small to be

visible to the eye.

prevents drawing a firm conclusion. Following KNM2, the first decontamination approach

was implemented using UV illumination with a Cermax lamp over a period of 122 days,

leading to a reduction in the measured rate at the FPD by 16% and the BIXS rate by 23.5 %,

which translates to a decrease of (0.015 to 0.022) % d
−1
. Additionally, the KATRIN FPD was

upgraded with a wafer exchange, which likely altered the alignment and may have affected

the detector efficiency in measuring the Rear Wall rate. This changes necessitated treating

KNM3 and KNM4 separately from KNM1 and KNM2. Given these uncertainties, along with

the limited impact of the Rear Wall rate during KNM1-2 relative to other uncertainties of

the KATRIN mν analysis, it was deemed negligible for further analysis.

During KNM3-4, the Rear Wall rate exhibits a linear increase, as expected after prolonged

exposure, as discussed in Section 5.2.1.2. Initial data points deviate from this trend, likely

due to the restart of tritium circulation following the UV decontamination. This led to

rapid tritium adsorption that quickly saturated dangling bonds created by UV illumination,

which dissociated T-C bonds (as per Prediction 5). The Rear Wall rate quickly returned to

pre-UV levels, with no significant long-term impact, affirming Prediction 6. These initial

points were therefore excluded from the fit.
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A more detailed analysis, including residuals of the linear fit and a breakdown of sub-

campaigns within KNM3, is presented in Figure 7.3. These sub-campaigns reflect the

switch in MS operation from a symmetric analyzing plane to an asymmetric one, intended

to suppress background effects [Lok22].

The resulting parameters of the best fit have the values

• m = (3.91 ± 0.02) cps/mbar·l for the slope, and
• c = (−1.69 ± 0.02) · 10

7
cps for the offset.

The shift from "30 K mode" to "80 K mode" circulation after KNM3 may have influenced

the accumulation behavior as discussed in Section 7.1.1. However, the available data is

currently too limited to experimentally verify this impact.
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Figure 7.4: Rear Wall rate evolution models of KNM5 and KNM6, with the residuals of the model

fits shown alongside the plot. A deviation from the KNM5 model is observable following KNM6,

necessitating a distinct linear fit for the rate evolution of KNM6. Data points recorded immediately

after the cleaning prior to KNM5 are excluded, as exposure experiments conducted before nominal

circulation would distort the model fit. The respective neutrino mass measurement campaigns are

highlighted in the background. The error bars are too small to be visible, except for one data point,

which was recorded at a deviating retarding potential.
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7.1.2.2 KNM5-6

Following the first UV/ozone cleaning of the Rear Wall (see Section 6.2.2.1), the growth

model postulated in Prediction 1 can be evaluated through constant exposure of a freshly

cleaned Rear Wall in a stable system. Figure 7.4 shows the evolution of the Rear Wall

rate, with the colored background indicating the periods of β-scan recordings for themν

analysis. Immediately after the cleaning, a dedicated measurement campaign was carried

out under non-nominal conditions to expose the pristine Rear Wall. These measurements,

discussed in Section 7.2, resulted in minimal tritium accumulation, leading to a slightly

above-zero starting point for the data presented in the plot. To avoid skewing the analysis,

Rear Wall rate measurements immediately after cleaning are discarded.

The Rear Wall rate initially rises sharply, then transitions to a linear growth phase. This

rapid increase at the beginning of KNM5 further confirms prediction Prediction 6. The

growth model proposed in Section 5.3.2 accurately describes the data from KNM5, affirming

Prediction 1, as the linear rate growth clearly reflects a quasi-steady state. The fit follows

Function 7.1

RRW(f) = a · exp (−k · (f + f0)) + b · (f + f0) , (7.1)

with the resulting parameters for the best fit

• a = (−1.189 ± 0.090) · 10
9
cps,

• k = (8.1 ± 0.2) · 10
−7
mbar·l−1,

• f0 = (5.02 ± 0.06) · 10
6
mbar·l and

• b = (3.56 ± 0.02) cps/mbar·l.
Though the KNM6 data shows some deviation with a further decrease in the rate of

accumulation, this is not unexpected. A potential depletion of a hydrocarbon reservoir

could reduce the availability of hydrocarbons migrating to the Rear Wall surface, exposed

to impinging β-electrons. This behavior may align with Item Prediction 8. Due to a second

UV/ozone cleaning of the Rear Wall immediately following KNM6 (see Section 6.2.2.2),

no additional insights could be drawn from subsequent data. The available data is best

described by a linear function, yielding:

• m = (2.58 ± 0.03) cps/mbar·l for the slope, and
• c = (3.38 ± 0.08) · 10

7
cps for the offset.

The difference of the green line, deviating from the orange fit to the continuation of the

orange fit (dashed line) reaches 9.4 % at the end of KNM6. The last value recorded in KNM6

represents the highest RearWall rate measured in this work. Using the extrapolation factors

presented in Section 6.1.2.3, the quantity of aC:T present on the surface can be estimated.
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Assuming
1
a density of ρaC:T = 1 g cm

−3
and considering a perfectly planar Rear Wall, this

corresponds to approximately 0.76 to 0.82 monolayers aC:T. For the direct adsorption of

atomic T on gold a result of 2.26 to 2.44 monolayers is obtained, based on the calculations

from M. Röllig [Röl15]. While aC:T can theoretically form multiple layers, it is unlikely for

more than one T atom to occupy a single adsorption site on gold. Adsorption of a second T

atom onto an already adsorbed T atom would likely lead to recombination, resulting in

the desorption of the newly formed T2 molecule. This observation further refutes the idea

of adsorbed atomic T as the sole contributor to the observed activity, suggesting instead

that tritium accumulation could exceed the observed maximum value in cases involving

aC:T.

7.1.2.3 KNM8-12

Figure 7.5 presents the evolution of the Rear Wall rate from KNM8 onwards, following the

third cleaning after KNM7 (see Section 6.2.2.3), alongside the previously discussed KNM5-6

Rear Wall rate trend for comparison. As observed earlier, the Rear Wall rate initially shows

a rapid increase, which then diminishes. This is likely due to the fact that both the second

and third cleanings were applied to reduce the Rear Wall rate by a factor of about 20, rather

than fully removing the aC:T layer. The decision to stop cleaning earlier was made to

minimize the impact on other surfaces, which could potentially alter plasma properties due

to changes in work function. The quick increase on basis of possible residual aC:T after a

partial cleaning aligns with Prediction 6.

Unlike KNM5-6, however, the Rear Wall rate eventually reaches saturation and remains

constant, rather than continuing a linear growth. A further decrease in the Rear Wall rate is

observed after KNM9 and KNM11. Following KNM9 the rate decreases 23 % over a timespan

of 13 d due to desorption. After KNM11 a 21 % reduction occurs 56 d after the measurement,

with roughly four days of tritium circulation between the first measurement and the stop of

tritium circulation. This may be attributed to desorption, as weakly adsorbed tritium on the

gold surface would likely desorb under such conditions (see Section 5.1.2.2), consistent with

the observed cessation of growth. Both of these points align with prediction Prediction 8.

However, it is apparent that the time constants do not match the theoretical expectations

quoted in Section 5.1.2.2. This behavior is part of ongoing research, this section offers only

a qualitative description at the current stage.

7.1.2.4 Patchwise Growth

To support the patch-wise analysis conducted for the β-scans recorded in the SAP setting,

it is necessary to break down the Rear Wall rate evolution into patch-wise inputs. This not

1
A. von Keudell: "The KATRIN Rear Wall and its surface properties". Personal communication. Department

of Physics, Ruhr Universität Bochum, Bochum, GER, 2022

105



7 Investigation of Tritium Accumulation on the KATRIN Rear Wall

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Integral flow in 107 mbar·l

0.0

2.0

4.0

6.0

8.0

10.0

12.0

R
W

ra
te

in
1
0

7
cp

s

Fit KNM5

RW rate KNM5-6

RW rate KNM8-12

KNM8

KNM9

KNM10

KNM11

KNM12

Figure 7.5: Rear Wall rate evolution during KNM8-12, with the KNM5 rate evolution model and data

for comparison. Following the second and third Rear Wall UV/ozone cleanings, the Rear Wall rate

trends exhibit a saturation behavior after an initial rapid increase. A novel feature is the observable

rate decrease due to desorption, particularly visible between KNM9 and KNM10, as well as at the

end of KNM11. This desorption is characterized by a rate drop occurring with little to no increase in

the integral flow, marking a distinct departure from prior observations.

only aligns with the intrinsic patch-wise characteristics of the SAP setting but also reveals

radial effects, as the patches are distributed radially over the FPD (see Section 3.3).

Figure 7.6 illustrates the Rear Wall rate evolution for each patch during KNM3 and KNM4.

A clear decline in both rate and slope is observed as the patch number increases, indicating

a radial dependency of the aC:T layer growth. The parameters for the corresponding fits

are listed in Table B.1.

Similarly, the patch-wise evolution of the Rear Wall rate for KNM5 and KNM6 is shown

in Figure 7.7, with fit parameters provided in Table B.2. As with KNM3 and KNM4, the

same trend of declining total rate and slope with increasing patch number is observed.

However, a notable feature is the increasing deviation between the KNM5 and KNM6

models for each patch. The difference is most pronounced in the innermost patch and

diminishes with higher patch numbers, eventually vanishing in the outer patches. This

suggests a shift in the growth behavior during KNM6, particularly in the central regions of

the Rear Wall, while the outer regions remain unaffected. As discussed in Section 7.1.2.2,

this points toward a beginning depletion of the hydrocarbon reservoir, supporting the

106



7 Investigation of Tritium Accumulation on the KATRIN Rear Wall

0.2

0.5

0.8
Patch #1 Patch #2 Patch #3

0.2

0.5

0.8
Patch #4 Patch #5 Patch #6

0.2

0.5

0.8

R
W

ra
te

in
1
0
7
cp

s Patch #7 Patch #8 Patch #9

0.2

0.5

0.8
Patch #10

1.5 2.0 2.5

Patch #11

1.5 2.0 2.5

Patch #12

1.5 2.0 2.5

0.2

0.5

0.8
Patch #13

1.5 2.0 2.5

Integral flow in 107 mbar·l

Patch #14

1
Figure 7.6: Patchwise evolution of the Rear Wall rate for KNM3 and KNM4. The initial data points are

excluded from the displayed fit, as they reflect a short-term trend from the rapid re-accumulation of

tritium after the UV illumination of the Rear Wall. The error bars are too small to be visible by eye.
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Figure 7.7: Patchwise evolution of the Rear Wall rate for KNM5 and KNM6. For increasing patch

number the extrapolation of the KNM5 model (dashed line) and the KNM6 model converge until

they eventually overlap.
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prediction in Prediction 8. The larger effect in the center may be explained by a reduced

migration of precursor hydrocarbons from the back side of the Rear Wall through its central

hole. With the depletion of this additional, localized source of hydrocarbons, the growth

behavior becomes more homogeneous across the Rear Wall. This results in a more uniform

accumulation rate, reducing the previously observed radial dependency. A more detailed

analysis of the radial profile of the Rear Wall rate can be found in Section 7.1.2.5.

7.1.2.5 Evolution of the Radial Profile

In addition to the temporal evolution, the spatial distribution of the Rear Wall activity

provides crucial insight into the tritium accumulation process. Apart from the requirement

of the investigation of the radial Rear Wall rate distribution for the neutrino mass analysis,

as discussed in Section 7.1.2.4, it is furthermore particularly informative for understanding

the process. Upon closer inspection, the distribution of activity on the Rear Wall is found

to be radially symmetric, reflecting either the symmetry of the Rear Wall itself or that of

the flux tube carrying electrons and ions toward the Rear Wall. This symmetry allows the

description of the spatial activity distribution on the Rear Wall using the so-called radial

profile of the Rear Wall rate.

This profile is determined by summing the rate of each pixel in a concentric pixel ring of

the FPD. To track changes over time, the profile is compared across different time phases.

Figure 7.8 shows a selection of radial profiles from Rear Wall rate measurements, with

KNM1-2 in the top left, KNM3-4 in the top right, KNM5-6 in the bottom left, and KNM8-12

in the bottom right. While the time and integral flow intervals between these runs are not

equidistant, they were chosen to visualize the transition from one profile shape to another.

The rate per ring for each measurement has been extrapolated to the rate expected for 12

pixels, and normalized to the bullseye rate. Changes in the depicted profiles thus reflect the

relative shift of activity between different rings. The two outermost rings were excluded

due to pixel cuts leading to too few active pixels contributing to the rate.

During KNM1-2, the Rear Wall rate was highly localized in the central rings, with a

steep decline towards the outer rings, resembling a Gaussian distribution. Over time, this

localization lessened, and the relative activity in the outer rings increased, shifting towards

a more parabolic profile. After slight decontamination via UV illumination by the Cermax

lamp, the radial profiles in KNM3 and KNM4 continue this trend toward a more even

distribution, with the outer rings gaining in relative activity and the curvature decreasing.

However, no clear shift in the profile shape is observed during these phases.

KNM5 and KNM6 provided the first data after the UV/ozone cleaning. The profile from run

67437, recorded before any tritium circulation, shows distortions from electrons originating

from residual tritium behind the Rear Wall, which the cleaning did not effectively remove.

Passing through the central Rear Wall hole those electrons can reach the FPD and are

registered as rate coming from the central Rear Wall. Additionally, the directional UV

illumination introduced a slight asymmetry in the residual tritium distribution following

109



7 Investigation of Tritium Accumulation on the KATRIN Rear Wall

2 4 6 8 10

Ring #

0.00

0.25

0.50

0.75

1.00

1.25

1.50

R
el

.
ra

te
in

ar
b.

un
it

s

KNM1-2

50743
50793
51570
54168

2 4 6 8 10

Ring #

0.00

0.25

0.50

0.75

1.00

1.25

1.50

R
el

.
ra

te
in

ar
b.

un
it

s

KNM3-4

57907
62624
67034

2 4 6 8 10

Ring #

0.00

0.25

0.50

0.75

1.00

1.25

1.50

R
el

.
ra

te
in

ar
b.

un
it

s

KNM5-6

67437
67598
67922

68270
70441
71240

2 4 6 8 10

Ring #

0.00

0.25

0.50

0.75

1.00

1.25

1.50

R
el

.
ra

te
in

ar
b.

un
it

s

KNM8-12

80121
80271
80642

80956
83716
84543

1
Figure 7.8: Evolution of the radial profile of the Rear Wall rate. The rate of each ring is extrapolated

to the expected rate of 12 pixels. Data points are connected by straight lines to guide the eye.

Uncertainties are insignificant compared to the displayed differences.

the cleaning (see Section 6.2.3). After less than ten days of tritium circulation, run 67922

shows a profile returning to a roughly parabolic shape. This curvature diminishes further

for subsequent runs, with the outer rings approaching near unity in activity compared to

the bullseye, with only a slight excess in the middle rings.
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Following the second and third cleanings, the Rear Wall rate profiles recorded during

KNM8 and KNM12 became significantly more homogeneous. These profiles resembled

a horizontal line, with early measurements showing slightly lower activity in the outer

rings, which gradually increased until the outer rings surpassed the inner rings in relative

activity. This clear trend of homogenization in the Rear Wall rate distribution, along with

the overall decrease in accumulated activity after UV/ozone cleanings (see Section 7.1.2.3),

is consistent with the findings of Section 7.1.2.4 and meets the expectations of Prediction 7.

It suggests a reduced influx of hydrocarbons through the Rear Wall hole, possibly due to an

initial localized hydrocarbon deposit in the center of the Rear Wall during KNM1-2, serving

as a precursor hydrocarbon source. The lack of such a source in the center after multiple

cleanings shifts the migration of precursor hydrocarbons toward the outer regions, where

the RearWall is in contact with its mount, which now dominates the distribution. This effect

may be further amplified by reduced direct gaseous adsorption of hydrocarbons, though

this is generally considered to be a minor contributor. In summary, these results clearly

demonstrate a significant improvement in the homogeneity of the Rear Wall rate, driven

by the depletion of hydrocarbon reservoirs as anticipated in Prediction 8. The depletion

initially led to a much more uniform distribution of activity across the Rear Wall. However,

with the asynchronous exhaustion of one reservoir, the homogeneity has begun to slightly

decline. Despite this recent decrease, the overall homogeneity remains substantially better

than prior to the depletion. There is still potential for further improvement if subsequent

reservoirs also deplete, leading to a more stable and balanced Rear Wall rate in the future.

7.2 Experimental Investigations of Tritium
Accumulation on a Pristine Rear Wall

Following the first Rear Wall cleaning after KNM4, a series of dedicated measurements was

conducted to gain deeper insights into the tritium accumulation process. The initially low

Rear Wall rate allowed for the detection of small rate changes, enabling the application of

short exposure times in non-standard conditions while still yielding measurable results.

An overview of these measurements can be found in Section 7.2.1. In Section 7.1.2.5, the

contribution of ions to the tritium accumulation is examined, while Section 7.2.2 explores

the role of charge carriers as the driving force behind this accumulation. Additionally,

short-term tritium exposures are analyzed in Section 7.2.4.

7.2.1 Overview of Measurements

A series of dedicated measurements were performed to investigate the adsorption dynamics

of tritium on the Rear Wall. The general procedure involved the following steps:

1. measurement of the initial Rear Wall rate,

111



7 Investigation of Tritium Accumulation on the KATRIN Rear Wall

2. controlled exposure of the Rear Wall to tritium,

3. subsequent measurement of the Rear Wall rate to observe any changes.

This process was repeated for multiple exposures. The parameters of each exposure, along

with the specific aim of the measurements, are detailed in Table 7.1. The exposure order,

determined by the column density during the exposure, duration, and special settings, was

optimized to minimize the impact on subsequent measurements. The second exposure

was performed under nominal source parameters, however, the flux tube, guiding charged

particles through the source and onto the Rear Wall was shifted to expose only a quadrant

of the Rear Wall to the impinging particles. All exposures were conducted with no bias

voltage applied to the Rear Wall.

7.2.2 Tritium Accumulation on the Rear Wall due to Impinging
Charged Particles

As discussed in Section 5.2.1, the primary mechanism proposed for the formation of aC:T

on the Rear Wall is based on the Electron Beam Induced Deposition (EBID) principle. This

process requires secondary electrons, created by the impinging β-electrons from theWGTS,

to generate hydrocarbon fragments that subsequently polymerize, forming aC:T. To test

Prediction 3, a dedicated measurement was performed on the freshly cleaned Rear Wall, as

part of the exposures listed in Table 7.1.

For this investigation, theWGTS dipoles were adjusted to shift the flux tube, which normally

covers the entire Rear Wall, to the upper-right quadrant. A simulation performed by G. Li,

showing the altered positions of the field lines as they terminate on the Rear Wall under

this shifted configuration, is presented in Figure 7.9a. Since the outer rings of the FPD are

Table 7.1: Overview of first tritium exposures after Rear Wall cleaning. Four distinct exposures were
carried out, utilizing the low Rear Wall rate to gain sensitivity to small amounts of accumulated

tritium. These exposures were performed under different conditions to probe the dynamics of

the accumulation processes, offering insight into the various mechanisms responsible for tritium

deposition on the Rear Wall.

Exposure no. Investigation of CD during exposure Exposure time

1 Short time exposure 75 % 50min

2

Charged particle contribution

by deflecting them

to a single RW quadrant

75 %

(WGTS dipoles

at 80/80A)

22:30 h

3

Ion contribution by

changing the CD which impacts

the radial ion distribution

30 % 18:30 h

4 Reference measurement 75 % 23:30 h
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(a) Filed lines on the Rear Wall (b) Distribution of the ion current on the RearWall

Figure 7.9: Deflected field lines and ion current distribution on the RearWall, according to simulations

performed by G. Li und F. Glück. (a) The flux tube was shifted to only cover parts of one Rear Wall

quadrant. (b) In the nominal field setting, the ion current exhibits a radially symmetric distribution

on the Rear Wall. The current is predominantly caused by cluster ions.

mostly excluded due to pixel cuts, the field lines are only displayed for the portion of the

Rear Wall to which the FPD remains sensitive.

This shift in the flux tube directs both electrons and ions to the same spot on the Rear Wall,

making it difficult to discern the specific contribution of each to the rate change. However,

a quantitative plausibility check can be conducted for the extreme scenarios of either 100 %

ion contribution or none, based on simulations by F. Glück. The radial distribution of the

ion flux in the WGTS under nominal conditions is displayed in Figure 7.9b.

The analysis of tritium exposure on the Rear Wall with the shifted flux tube is detailed in

Section 7.2.2.1, and the calculations for the hypothetical cases of pure ion or pure electron

contributions are presented in Section 7.2.2.2.

7.2.2.1 Comparison of Irradiated and Non-Irradiated Rear Wall Sections

Figure 7.10 compares the expected rate distribution, based on simulated data, with the actual

measured rate increase following the exposure with the shifted flux tube. In Figure 7.10a,

the ion current distribution directed toward the Rear Wall is shown as it would be detected

by the FPD. For this, the simulated ion current density inside the WGTS (Figure 7.9b)

was convolved with the field line simulation data (Figure 7.9a) to estimate the ion current

density on the Rear Wall’s surface. This was then mapped to the FPD pixel map to visualize
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where the FPD would observe a rate increase due to ion induced tritium accumulation. The

assigned current is highest for pixels near the symmetry line of the top-right quadrant in

the outer rings, and it drops off rapidly within one or two pixels. While the currents given

correspond to ion currents, both ions and β-electrons are equivalently diverted. The key

difference lies in the distribution: β-electrons exhibit a more homogeneous distribution

within the irradiated area. Unlike ions, which follow the density distribution described

above, β-electrons are distributed uniformly in the WGTS.

Figure 7.10b displays the observed rate increase after the shifted flux tube exposure. The

rate increase shown is specifically attributed to impinging charged particles. To calculate

this, the mean rate increase associated with "neutral processes" (i.e., areas not affected by

the guided charged particles) was subtracted from each pixel’s rate. This neutral process

rate, R̂neutral = (15.8 ± 3.5) cps, was determined using pixels corresponding to regions of

the Rear Wall unaffected by charged particles: The inner two rings and any pixels located

1-2 pixels azimuthally away from the highlighted region (with red borders).

The resulting rate distribution shows a significant accumulation in the top-right quadrant.

While the overall shape of the distribution generally matches the simulated ion current

distribution, the center of the observed rate distribution is shifted inward by approximately

two rings. Additionally, the observed rate distribution features a more pronounced peak

that decreases more gradually over a wider area than the ion current distribution, extending

the rate increase beyond the highlighted region.

To account for the radial shift, which could potentially result from misalignment in the ex-

perimental setup of the magnets that is not properly modeled in the simulation framework,

the quantitative analysis takes an integral approach. Here, the ion current and correspond-

ing rates for the pixels within the highlighted area are summed for comparison. The shape

of the selected area corresponds to pixels to which an ion current above a threshold of

0.2 nA was mapped. Additionally, the selection is expanded to account for the observed

shift by adding the area that is covered, if those pixels were moved two rings toward the

center.

The results of this measurement strongly support Prediction 3, which postulates that aC:T

formation is driven by impinging charged particles, particularly β-electrons from the

source. This is evidenced by the pronounced contrast in the rate increase between the Rear

Wall areas irradiated by these electrons and those that are not. The mean rate increase in

pixels outside the shifted flux tube, R̂neutral, equals to about 7 % of the mean rate increase

observed in Figure 7.10b.

The accumulation process attributed to "neutral processes" remains uncertain. A potential

explanation for the rate increase outside the irradiated area is the migration of (tritiated)

hydrocarbon fragments from the irradiated regions, which could then recombine elsewhere

on the Rear Wall. This process also explains the gradually diminishing extension of the rate

increase outside of the highlighted region. Assuming a stochastic recombination behavior,
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Figure 7.10: Comparison of expected and measured Rear Wall rate increase following the exposure
with the shifted flux tube. The distribution of ion current impinging on the Rear Wall mapped onto

the FPS pixel map (a) is positioned approximately two rings outward compared to the rate increase

attributed to charged particles (b). Apart from this shift, both distributions are similar, with the

rate distribution being less sharply pronounced. The area marked in red defines the pixels used to

compare integral current and rates. The rate shown in (b) is corrected for the mean rate increase

observed on pixels that were not impacted by the flux tube.

these fragments might migrate across the entire Rear Wall surface, contributing to the

observed background rate increase, R̂neutral.

Additionally, some irradiation resulting from tritium decay outside the flux tube could

promote aC:T formation in areas not directly exposed to the shifted flux tube. Since neutral

tritium molecules are not influenced by the shifted magnetic field, they could contribute

uniformly to tritium accumulation across the Rear Wall through processes that do not rely

on activation or dissociation by secondary electrons.

7.2.2.2 Quantitative Investigation of Possible Ion or Electron Contribution

Putting the results of Section 7.2.2.1 into perspective, the implied effectiveness of tritium

accumulation for either fully ion-driven or fully electron-driven processes can be calculated.

The total rate increase in the considered area (highlighted area in Figure 7.10) amounted

to RI = 4482 cps. Using the conversion factor ract calculated in Section 6.1.2.3 this can
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be converted into the corresponding activity on the Rear Wall, which in turn can be

converted into the total number of accumulated tritium atoms NT considering there are

N1 Bq = 5.62 · 108 tritium atoms per Becquerel:

NT = R · ract ·N1 Bq = 1 · 10
15
atoms.

This calculation is based on the conversion factor for a 20 nm carbon layer on the Rear

Wall surface. Next, the total ion current IIon = 14 nA, determined by the simulation and

the circulation time tcirc = 22:30 h can be used to calculate the total number of ions

NIons =
IIon
e

· tcirc,

where e is the elementary charge. This allows the determination of the number of tritium

atoms bound per impinging cluster ion:

NT

NIons

= 1.4 · 10
−1
atoms/ion.

This is a relatively high probability for the creation of a bond, but it is not entirely unrealistic.

For comparison, the sticking coefficient of CH3 radicals impinging on an aC:H surface in

conjunction with H atoms can reach values around 10
−2
[Von02]. The cluster ions reaching

the Rear Wall are thermal and dissociate upon recombination with electrons, which are

readily available on the surface of the Rear Wall. Leaving a reactive tritium atom with some

energy from the dissociation to surpass required activation energies. However, caution

is advised with this result, as the ion profile simulation includes some assumptions that

may not fully reflect reality. For instance, the boundary conditions for the plasma, in

which the ions are created, may not be accurate given the partial flux tube shift, for which

no adaption regarding surface potentials could be provided. Furthermore assumptions

regarding surface work functions were made without the possibility of verification.

In contrast, the tritium accumulation induced by electron irradiation is considered. Here,

neutral T2 molecules are taken as the source of tritiation, and R̂neutral is ignored for direct

comparability, focusing on induced effects that don’t occur outside of the flux tube on the

Rear Wall. The inflow of tritium molecules can be estimated from the reduction factor of

the last pump port between the WGTS and the RS. The gas flux towards the pump port

fT2 = 0.9mbarl/s, and the reduction factor pred = 400 at the pump port based on pressure

differences, provide the foundation for calculating the tritium influx density:

IT2 =
fT2

pred · Apump

· Aeff, RW,

where Apump is the cross-sectional area of the pump port which has a diameter of 250mm,

andAeff, RW is the effective area on the Rear Wall, calculated using the number of FPD pixels
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Npixel that correspond to the area highlighted in Figure 7.10b. The area of each pixel on the

wafer is Apixel = 43mm
2
and the effective area is given by:

Aeff, RW = Npixel · Apixel

BFPD

BRW

,

where BFPD and BRW are the magnetic field strengths at the FPD and the Rear Wall re-

spectively. From this the number of tritium atoms bound per impinging T2 molecule is

calculated as:
NT

NT2

=
NT

IT2 · tcirc
= 1.0 · 10

−6
atoms/T2

This analysis shows that for the tritium accumulation to be solely ion-driven a high bonding

cross section would be required, while a purely electron-driven accumulation profits from

the abundant T2 molecules, requiring only a comparatively low cross-section. The data

does not clearly distinguish between ion- and electron-driven processes, but the high

binding probability disfavors a completely ion-driven process. Further measurements are

needed to resolve this, which will be proposed in Section 7.4.2

7.2.3 Impact of Different Column Densities on the Radial Profile

The conditions within the WGTS play a crucial role in determining both the amount and

the density profile of ions traveling towards the Rear Wall. The formation of cluster ions,

which scales quadratically with gas density, is of particular interest. These cluster ions

are the dominant species reaching the Rear Wall, as other ions tend to recombine before

making contact. This fact opens up further ways to investigate the tritium accumulation

process, specifically regarding the contribution of ions.

With a lower column density-such as the 30 % level used during the third exposure (see

Table 7.1)-a smaller radial dependence of the Rear Wall activity is expected if ions play

a crucial role in tritium accumulation. The rationale lies in the radial ion density profile

in the WGTS, as shown in Figure 7.9b, which could cause the pronounced radial profile

observed in the Rear Wall activity.

To explore this hypothesis, the radial profiles of the Rear Wall activity were compared

across three exposures conducted during the dedicated measurements after the first Rear

Wall cleaning. In order to mitigate the asymmetry in the profile caused by the shifted

flux tube exposure (discussed in Section 7.2.2), which took place between the exposure

measurements, pixels within the area marked in Figure 7.10 were excluded from the analysis.

The background from the previous measurement was subtracted, ensuring that only the rate

changes due to the new exposure were considered. The radial profile was then examined

analogously to Section 7.1.2.5.

The resulting radial profiles of the rate growth due to initial Exposure 1 at 75 % column

density, Exposure 2 at 30 %, and Exposure 3 at 75 % are depicted in Figure 7.11. Each
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exposure resulted in a rate increase with a clear radial profile, and no significant deviations

can be observed between them. While the uncertainty of each data point-below 0.35 %-is

insufficient to fully account for the differences, no structural changes in the profiles are

noticeable. Small deviations could be attributed to the high dynamic range in the early

stages of tritium accumulation on the freshly cleaned Rear Wall, as seen in the steep rate

increase and sharp changes in the early KNM5 circulation (see Figure 7.4). There may be

a possible effect on the outer rings, where the exposure at 30 % column density led to a

lower relative rate increase compared to both exposures at 75 %. However, the difference

between the two high column density exposures was larger than that between the low and

high column density exposures, pointing towards a general change in the radial activity

distribution discussed earlier.

Ultimately, no definitive conclusions can be drawn from this data regarding the contribution

of ions to Rear Wall tritium accumulation. The observed results may suggest that either

ions do not contribute significantly, or that the effect of the changed column density was too

weak compared to other factors, such as growth variations during ongoing accumulation,

as discussed in Section 6.1.2.
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Figure 7.11: Radial profiles of the rate increase due to exposures at different column densities. Only

the rate changes due to the respective exposure are considered. The data points are normalized to

the rate of the bullseye. Pixels affected by the exposure with shifted flux tube are exempt from this

analysis. The error bars are to small to be seen by the eye. The data points are connected by straight

lines to guide the eye.
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7.2.4 Observed Rate Increase Following Tritium Exposure

The fine meshed observation of the Rear Wall rate evolution and the use of different

circulation parameters in the dedicated measurement campaign following the first Rear

Wall cleaning provide insight into the correlation between tritium accumulation and

tritium throughput. While the exposure time of Exposure 1 (see Table 7.1) was too short

to guarantee a fully stabilized gas distribution in the system leading to an oscillating CD

during the exposure time, Exposures 3 and 4 provide a more stable basis for analysis. The

pixels impacted by the exposure during the shifted flux tube are excluded, analogously to

the approach used in Section 7.2.3. The exposures were short and close in time, minimizing

major differences in growth behavior. However, since these measurements occurred during

the highly dynamic initial growth phase, some influence on the results is still possible,

as noted in Section 7.2.3. By comparing the rate increases following Exposures 3 and 4,

and normalizing them by the amount of circulated tritium, a difference in rate growth per

tritium flow is observed:

• Ṙ30% = (11.66 ± 0.07) cps/mbarl for Exposure 3 with a CD of 30 %, and

• Ṙ75% = (17.20 ± 0.04) cps/mbarl for Exposure 4 with a CD of 75 %.

Despite normalizing for dosage, a significant difference remains, indicating a correlation

between rate accumulation and gas density. However, this relationship is not quadratic,

as might be expected for the ion production. A decrease in growth would be expected for

the later measurement based on the trend observed during KNM5. However, an increase

occurred instead. A possible explanation could be that at a lower CD, a higher relative

amount of T2 passes through the first pump port. Since this pump port operates in the

transition flow regime, stronger beaming at lower CD could lead to deteriorated pump

performance, resulting in a higher availability of T2 molecules relative to the same dosage

at lower CD values.

7.3 Empirical Model of the Tritium Accumulation on
the Rear Wall

This section aims to help digest the results of Chapters 6 and 7 by consolidating individual

findings into a unified model of the processes on the Rear Wall that lead to tritium accumu-

lation on its surface. The goal is twofold: first, to understand the fundamental processes

driving the observed results, and second, to create a model that can guide strategies for

mitigating the impact of tritium accumulation on KATRIN’smν analysis. While not fully

comprehensive, as it doesn’t delve deeply into the complex surface physics occurring on

microscopic scales, the model will be customized to the specific needs of the KATRIN

experiment, with a primary focus on surface-near activity - tritium decays leading to

counts detected by the FPD near the endpoint of the primary spectrum.
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The fundamentals of this model were initially presented as a working hypothesis in Sec-

tion 5.3.1.

The model posits that hydrocarbon precursors from reservoirs within the system migrate

to the Rear Wall via surface diffusion. Beta-electrons impinging on the Rear Wall generate

secondary electrons, which dissociate these hydrocarbons. The dissociated fragments then

recombine and polymerize into an amorphous carbon layer (aC:T) that accumulates and

retains tritium on the Rear Wall surface. Over time, this leads to increasing activity observ-

able by the FPD. The tritium in aC:T produces a secondary beta spectrum distinct from the

primary gaseous tritium spectrum in the WGTS, forming a time-evolving background that

distorts the measurement results.

In Section 5.3.2 a series of predictions were derived from this model. Those predictions

were probed by the results presented throughout Chapters 6 and 7.To synthesize an overall

understanding of the model’s validity and implications, those predictions are revisited

below, in light of the corresponding experimental findings, providing an evaluation of how

well the results support or challenge the proposed model:

Prediction 1 Tritium Accumulation: An increase of tritium activity on the Rear Wall

was observed correlated with tritium throughput, as outlined in Section 7.1.2.

The observed rate evolution is the central result and aligns with the model’s

core hypothesis by following the functional form

RRW(f) = a · exp (k · (f + f0)) + b · (f + f0) , (7.2)

as discussed in Section 7.1.2.2. This function holds after several Rear Wall

cleanings, though the linear component’s slope diminishes, as discussed in

Section 7.1.2.3. In contrast to the EBID process discussed in Section 5.2.1.2,

on which the rate growth model is based, it is found that tritium availability

is critical alongside dosage (see Section 7.2.4), with the integral tritium flow

serving as a suitable proxy for dosage. However, some dependence on the

CD remains.

Prediction 2 Shift of the β-Spectrum: The endpoint of the secondary β-spectrum was

found to be (2.5 ± 0.4) eV higher compared to the primary spectrum, which

aligns with the expectation for carbon-bound tritium.

Prediction 3 Electron-Induced Tritium Accumulation: Dedicated measurements

demonstrated that tritium accumulation is predominantly driven by irradi-

ation of the Rear Wall with charged particles (see Section 7.2.2.1). While

the differentiation between electrons and ions as the responsible particle

species could not be conclusively determined to verify the EBID process

as the fundamental accumulation mechanism, several results, as discussed

in Sections 7.1.2.5 and 7.2.3 indicate that the electron induced process is

favored.
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Prediction 4 Tritium retention: The accumulated tritium was found to be firmly bound

on the Rear Wall and resistant decontamination procedures, except for

UV/ozone cleaning, as reported in Sections 6.2.2 and 6.2.3. This behavior

aligns with the expectations for aC:T. Illumination with UV light resulted in

some reduction of the accumulated tritium amount, though the process was

slow Section 6.2.2.

Prediction 5 Tritium removal: Cleaning procedures that either extract tritium from the

aC:T matrix or directly remove the aC:T layer were found to effectively and

durably reduce the Rear Wall rate, as discussed in Sections 6.2.2 and 6.2.3.

However, the effectiveness of isotope exchange using D2 as an exchange

gas was limited. Greater impact was observed when exposing the tritiated

surface to air with residual moisture, which is also attributed to isotope

exchange reactions. UV/ozone cleaning proved to be the most effective

decontamination method. The decontamination factor of roughly 1300

achieved with this surface cleaning procedure indicates that the observed

tritium activity is located on the surface and the contribution of tritium

migrated into the bulk material is insignificant.

Prediction 6 Quick Regeneration After Cleaning: After each cleaning procedure, a

rapid initial re-accumulation of tritium was observed. This regeneration was

fastest following cleaning methods that likely leave aC with dangling bonds

on the Rear Wall, such as decontamination with UV light (Section 7.1.2.1).

The effectiveness of regeneration decreased with more thorough cleaning,

which reduced the amount of precursor hydrocarbons available for regener-

ation processes, as discussed in Sections 7.1.2.2 and 7.1.2.3.

Prediction 7 Activity Distribution: Changes in the spatial activity distribution on the

Rear Wall have been observed as discussed in Section 7.1.2.5. These changes

show a general trend towards homogenization following cleaning, which is

presumed to be influenced by the local availability of precursor hydrocar-

bons.

Prediction 8 Exhaustion of Hydrocarbon Reservoir: An upper level of saturation for

tritium accumulation was reached after extensive cleaning, as detailed in

Section 7.1.2.3. During this stage, desorption of tritium during system evac-

uation was observed, suggesting the presence of a previously not observed

type of tritium bonding, possibly weak bonding on gold.

In conclusion, all predictions derived from the underlying model for the observed Rear

Wall rate growth have been validated. Further, dedicated studies are needed to determine

the relative contributions of tritium cluster ions versus electrons to the tritium accumu-

lation. The temporal evolution of the Rear Wall rate is expected to maintain its current

stagnating trend. Given the observed desorption dynamics, it is likely that the currently

saturated Rear Wall rate is due to a residual aC:T layer, which could be reduced further
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with additional UV/ozone cleaning. The disproportionate growth of the rate on the outer

rings is anticipated to continue, albeit slowly, until the hydrocarbon reservoir is depleted,

which could potentially be accelerated by further UV/ozone treatments.

This model has facilitated the development of a targeted strategy to mitigate the impact of

accumulated tritium on the KATRIN mν determination, which is outlined in Section 7.4.

7.4 Mitigation Strategy for Tritium Accumulation on
the Rear Wall and its Impact on the KATRIN mν

Analysis

This section revolves around the central goal of this work: the development and imple-
mentation of a comprehensive strategy to mitigate the impact of tritium accumu-
lated on the Rear Wall on the KATRINmν analysis. Based on insights gained from

the model describing tritium accumulation on the Rear Wall, this strategy consists of three

procedures, each addressing different aspects of the Rear Wall activity:

1. Decontamination Procedure: As outlined in Section 6.2, this involves cleaning

the Rear Wall between measurement phases to reduce the total contribution of the

secondary spectrum to the measured data.

2. Measurement Procedure: As detailed in Section 6.3.1, this involves regularly

measuring the Rear Wall rate throughout the measurement phases and conducting

Rear Wall scans between measurement campaigns to monitor any accumulation.

3. Analysis Procedure: This merges both the Rear Wall rate measurements and the

spectral information from the Rear Wall scans to provide input for the KATRIN mν

analysis, allowing for consideration of the secondary spectrum in the analysis.

The analysis procedure is outlined in detail in this section.

7.4.1 An Analysis Procedure for KATRIN to Consider Tritium
Accumulated on the Rear Wall

The measurement and analysis of the secondary spectrum, described in Section 6.1.1, lay

the foundation to quantify the contribution of the secondary spectrum to the measured data

for neutrino mass analysis. This quantification is done using three key input parameters:

1. Endpoint E0 and Shape parameter wGR,RW: Both are determined through fitting

and are used to describe the shape of the secondary spectrum, allowing it to be

considered as background. The endpoint, E0, is linearly adapted for RW bias using

the time-weighted RW bias from the corresponding measurement campaign. No
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further adjustments are required, as the endpoint and shape parameter have been

shown to be stable over time, as reported in Section 6.1.1.

2. Signal Amplitude: This parameter quantifies the impact of the secondary spectrum

on the measured data by describing the amplitude of the secondary spectrum. Since

it varies over time and the Rear Wall scans require long measurement durations,

extrapolation is necessary, as discussed in Section 6.3.1. The extrapolation process

will be detailed in the following
2
.

The focus here is to ensure these parameters accurately describe the secondary spectrum

for proper integration into the neutrino mass analysis.

Since the signal parameter depends on the CD by definition, a virtual CD for the Rear Wall

scans is introduced, and the signal parameter is scaled accordingly, as noted in Section 4.3.2.

This allows for a direct comparison between the Rear Wall signal and the signal from the

corresponding beta scans of a measurement campaign.

The mean Rear Wall signal per patch is required as input for the KATRIN mν analysis.

Since the signal parameter represents the amplitude of the beta spectrum, it is proportional

to the Rear Wall rate. Therefore, tracking the signal evolution relative to the RW rate and

integral flow is essential for accurately representing the impact of the secondary spectrum

in the neutrino mass analysis.

For multiple Rear Wall scans recorded at different times, a fixed growth model R(f) is
fitted to the data with a free amplitude parameter s to determine the mean signal for each

patch

Sig(s, f) = s ·R(f). (7.3)

To estimate uncertainties on the mean signal, a set of input parameters for the growth

model is sampled using a multivariate normal distribution. The fit is then performed as

mentioned above for each sample, with 10 000 samples leading to fit results for s and σfit.

The uncertainty on s is calculated by combining the mean of the fit uncertainties σ̄fit with

the error on the mean of s, σeom = σstd/
√
nsamples by adding them in quadrature. This signal

value is then extrapolated by applying the patchwise growth models shown in this chapter

(see Section 7.1.2.4). To compute the impact of the Rear Wall rate on recorded beta scan

data, the mean signal value for each beta scan run i during a campaign is calculated for

each patch as an integral mean:

Sigi =
1

fEnd − fStart

∫
fEnd

fStart

Sig(s, f)df (7.4)

The correlation between the growth model and the scaling parameters across all i runs
is accounted for by drawing values from a shared distribution for all runs and sampling

2
Details of this work were conceptualized in the Masters thesis "Investigation of spectral characteristics of

the rear wall background and systematic inputs for the neutrino mass analysis" by Simon Tirolf, 2022,

KIT
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the growth model parameters from a multivariate Gaussian distribution. To calculate the

total contribution of the secondary spectrum to the data analyzed for a given measurement

campaign, a time-weighted mean signal for the campaign is computed as follows:

Sig =
∑

i

Sigi · ti
ttotal

, (7.5)

where ti represents the duration of each run, and ttotal is the total run length of all considered
runs. This process is repeated 10 000 times, and the final input value for the KATRINmν

analysis is obtained by computing themean of all Sig values. The uncertainties are estimated

by taking the standard deviation of the distribution of all samples from these iterations.

7.4.2 Conclusive Remarks

This work laid the foundation to mitigate the impact of tritium accumulated on the Rear

Wall on the KATRIN mν determination. The strategy and procedures developed have

been implemented in the measurement operations and analysis chain of KATRIN. This has

contributed to the comprehensive analysis of the KNM1-5 measurement runs and yielded

recently published results on the uppermν limit [Ake24a]. Due to the mitigation strategy

implemented in the scope of this work, the total uncertainty from the secondary spectrum

on this result was limited to 0.004 eV
2
/c

4
. Omitting this approach would have led to an

estimated shift inm2
ν of up to 0.073 eV

2
/c

4
for a single measurement campaign, with this

value possible increasing further, without cleaning of the Rear Wall.

For the upcoming analysis of the Rear Wall activity in campaigns from KNM8 onwards,

the model developed here can be applied. It should be expanded to account for desorption

during circulation stops, which follows a hyperbolic trend as discussed in Section 5.1.2.2.

To deepen the understanding of the tritium accumulation process, ion contributions can be

explored through a proposed experiment. Similar to the procedure discussed in Section 7.2,

the Rear Wall should be cleaned to low tritium levels, and the flux tube deflected using

WGTS dipoles to expose the Rear Wall to tritium. This step should be repeated in a second

exposure of a different Rear Wall quadrant while a low positive Rear Wall bias voltage is

applied to deflect cluster ions. By comparing the differences in accumulation, the role of

ions in the process can be better understood.
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Neutrinos have been a source of intrigue since their discovery, posing challenges to our

understanding of particle physics. The discovery of neutrino oscillations revealed they

must possess mass, contradicting their originally assumed massless nature in the SM. This

breakthrough sparked some of the most pressing questions in neutrino physics today:

What is the absolute value of this mass? Do sterile neutrinos exist, potentially giving

insight to the process of neutrino mass generation?

The

acrlongKATRIN (KATRIN) experiment is one of themajor efforts in neutrino physics, aiming

to determine the effective electron antineutrino massmν with an unprecedented sensitivity

of better than 0.3 eV/c
2
at 90 % CL. To achieve this, KATRIN employs the model-independent

approach of high-precision β-spectroscopy. By measuring the tritium β-decay spectrum

near its endpoint and analyzing its shape for the characteristic signature of neutrino mass,

KATRIN has set the most stringent limit to date on the effective neutrino mass using a

direct kinematic method. From the data of its first five measurement campaigns, KATRIN

has established the upper limit: [Ake24a]:

mν < 0.45 eV/c
2
at 90 % CL. (8.1)

The gold-coated Rear Wall is a vital component of the KATRIN experiment, serving as

the termination of the flux-tube. hence defining the starting potential of the β-electrons.

Positioned at the end of the source, it interacts with the full magnetic flux tube that

adiabatically guides the β-electrons from the tritium source, through the pumping and

transport sections, and onward to the main spectrometer and detector. As such, the Rear

Wall is exposed to tritium, as well as tritium ions and electrons originating from the source,

which are guided towards it.

Over time, an increasing amount of tritium was observed accumulating on the surface

of the Rear Wall. This accumulation of activity leads to the creation of a secondary

β-spectrum, distinct from the primary β-spectrum produced by tritium decay in the

Windowless Gaseous Tritium Source (WGTS). The secondary spectrum has a different

shape and endpoint energy (E0,RW), and acts as a background. This results in KATRIN

measuring a superposition of the primary and secondary spectra, causing a distorted overall

spectrum.

The distortion impacts the spectral shape in the endpoint region, where the signature of

the neutrino mass is probed, leading to a bias in the determination of m2
ν. To address this,
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a comprehensive strategy to mitigate the impact of tritium accumulated on the Rear Wall

on the KATRIN mν analysis was developed and implemented in the KATRIN operation

and the analysis chain within the scope of this thesis.

This strategy involved five key sub-tasks:

1. Understanding the accumulation process,

2. Development of characterization methods,

3. Direct mitigation of tritium accumulation,

4. Characterization of the evolution of the secondary spectrum and

5. Providing inputs for themν analysis.

Understanding the Accumulation Process

Clarifying the fundamental processes responsible for tritium accumulation on the Rear

Wall is essential for addressing the issue effectively. Two key questions need to be answered

to develop appropriate mitigation procedures: In what form is tritium bound to the Rear

Wall and how can it be removed efficiently?

Previous studies concluded that the direct adsorption of tritium onto the gold coating of the

Rear Wall is insufficient to explain the observed accumulation and retention capabilities,

suggesting the involvement of an intermediary that facilitates tritium binding. Amorphous

carbon (aC) has emerged as a likely candidate, as it is known to effectively bind tritium,

forming aC:T. The formation of aC has been documented in systems under conditions

similar to those in KATRIN, particularly in fusion-related research. Additionally, the

formation of aC is extensively studied in electron microscopy, specifically in the context of

Electron Beam Induced Deposition (EBID).

In EBID, electrons with energies of a few keV generate secondary electrons that fragment

surface-bound hydrocarbons. These fragments subsequently recombine to form aC, which

can be tritiated through various processes, resulting in aC:T. This insight allowed the

construction of a working hypothesis for the tritium accumulation observed on the Rear

Wall.

Based on this hypothesis, several cleaning procedures aimed at removing tritium from

the Rear Wall were developed. Additionally, a series of predictions were derived from

the hypothesis - including a model describing the accumulation dynamics - and tested,

providing validation for the proposed mechanism.

Development of Characterization Methods

To mitigate the impact of the secondary spectrum on themν determination, it is crucial

to thoroughly characterize the secondary spectrum. This characterization allows the
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secondary spectrum to be treated as a background signal in the KATRIN analysis chain. A

two-fold approach was developed for this purpose.

First, the secondary spectrum is measured while the tritium source is evacuated, providing

key parameters such as the endpoint energy E0,RW, shape parameter wGS,RW and signal

amplitude As,RW of the secondary spectrum. This so-called Rear Wall-scan offers a detailed

description of the shape of the secondary spectrum but requires significant measurement

time - on the order of days. However, it was found that while the endpoint and shape

parameter of the secondary spectrum remain constant over time, only the signal amplitude

increases as more tritium accumulates.

This consistency in shape allows the Rear Wall-scan to be complemented by a second,

faster measurement known as the Rear Wall-rate measurement. By measuring the rate at

electron energies as low as 14 keV, where the electron rate is higher, measurement times

can be reduced to a few minutes. This provides a fast option to monitor the changing signal

amplitude while maintaining the statistics needed for the mν analysis. It also allows Rear

Wall scans to be limited to maintenance phases, optimizing measurement efficiency.

Direct Mitigation of Tritium Accumulation

The approach of mitigation within the KATRIN data analysis is complemented by a re-

duction of the activity on the Rear Wall. Decontaminating the Rear Wall reduces the

contribution of the secondary spectrum to the measured data by lowering the overall rate.

Given the resilience of aC:T to many conventional decontamination techniques different

methods were tested and compared. Among these, UV/ozone cleaning emerged as by far

the most effective, achieving a rate reduction of about three orders of magnitude in just over

three days. The high decontamination factor achieved through a surface cleaning technique

suggests that the tritium responsible for the secondary spectrum resides primarily near the

surface, with tritium absorbed deeper into the material playing only a negligible role.

The UV/ozone cleaning showed increased effectiveness with repeated applications, and

there were indications that hydrocarbon reservoirs, which act as precursors for further

aC:T formation, were becoming exhausted. There is some concern that UV/ozone cleaning

might negatively affect the work function of the Rear Wall, potentially altering the effective

starting potential of the β-electrons in the source. However, this risk can be minimized

by keeping the decontamination times short due to the high efficiency of the cleaning

process.

Characterization of the Evolution of the Secondary Spectrum

The parameters describing the shape of the secondary spectrum, E0,RW and wGS,RW, were

observed to remain stable over time, with the signal amplitude As being the only variable
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parameter. To track these changes, intermittent Rear Wall rate measurements were con-

ducted throughout measurement campaigns. Cleaning the Rear Wall surface allowed for

accurate monitoring of the temporal evolution of the Rear Wall rate, enabling repeated

testing of the accumulation model under controlled conditions. The outcomes consist-

ently reproduced the qualitative behavior predicted by the model, with observed changes

in accumulation rate and spatial distribution understood in the context of the model as

environmental shifts resulting from cleaning.

The model derived from the working hypothesis describes the Rear Wall rate RRW as a

limited growth function of the integral tritium flow f circulated through the WGTS. This

function converges toward a linear growth, with the integral tritium flow acting as a

combined measure of both the dosage and the availability of tritium for accumulation. The

function has the form:

RRW(f) = a · exp (−k · (f + f0)) + b · (f + f0) . (8.2)

Recorded data aligned well with this model, with RRW stabilizing at a constant rate after

repeated cleanings, showing a vanishing slope for the linear component. The information

from thesemeasurements is critical for assessing the contribution of the secondary spectrum

to the data recorded by KATRIN, enabling interpolation and extrapolation of its impact on

the measured spectrum.

Additionally, these studies - complemented by dedicated measurements - provided further

validation of predictions from the working hypothesis:

• Analysis of tritium accumulation under partial deflection of the flux tube supported

the hypothesis of an electron-beam-induced aC:T formation process.

• The expected initial rapid regeneration of the Rear Wall rate post-cleaning, attributed

to residual aC remaining on the Rear Wall surface, was observed.

• After each cleaning, the spatial distribution of the activity on the Rear Wall was

found to homogenize, consistent with the hypothesis for pre-existing hydrocarbons

being present on the Rear Wall and acting as precursor molecules for aC:T.

• The saturation of the RearWall rate at a low value after multiple cleanings, along with

the changes in spatial distribution, support the proposed exhaustion of hydrocarbon

reservoirs on the Rear Wall surface.

Providing Inputs for the mν Analysis

The final step combines the Rear Wall rate evolution model with data from Rear Wall scans

taken between measurement campaigns to accurately quantify the total contribution of the

secondary spectrum during each campaign. The rate evolution model tracks the amplitude

of the secondary spectrum over time, and with the parameters describing the shape of the

spectrum, this enables computation of inputs for the KATRIN analysis. By integrating the
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secondary spectrum as a background signal into the fit model, the analysis chain mitigates

its impact. Together with repeated Rear Wall cleanings to directly reduce the secondary

spectrum, this approach limits the effect on the determined mupnu
2
to an uncertainty

of 0.004 eV
2
/c

4
, which is well within the uncertainty budget of the experiment. Without

these measures, a shift ∆m2
ν would result, which was estimated on a campaign-wise basis

and reaches up to 0.073 eV
2
/c

4
. Without the cleaning applied this impact could grow even

larger. Especially effective was the combination of Rear Wall rate measurements and

Rear Wall scans. Between KNM5 and KNM12, a total of 33 Rear Wall rate measurements

were conducted, each lasting about 10min, compared to two to four days required for

a single measurement with Rear Wall scans, depending on accumulated activity. Over

this period, roughly 485 days were dedicated to β-scans. This comparison emphasizes

the efficiency of combining both Rear Wall rate measurements and Rear Wall scans, as

obtaining equivalent data through Rear Wall scans alone would be impractical within the

operational timeframe.

Outlook

With the strategy developed and implemented in this work, KATRIN is well-prepared

to address the tritium accumulation on the Rear Wall through the completion of the

current neutrino mass measurement program, expected to run until late 2025. The methods

developed can be applied across all remaining data-taking phases, with minor adjustments

to account for observed desorption dynamics. These dynamics have emerged following

significant removal of aC:T and probable exhaustion of accessible hydrocarbon reservoirs.

While this model adjustment is straightforward, an open question remains regarding the

evolution of hydrocarbon reservoirs within the systems of KATRIN: will they eventually

deplete entirely, or will migration of hydrocarbons from more remote regions substitute

those in proximity to the Rear Wall over time?

Another open question could further deepen the understanding of aC-facilitated tritium

accumulation on surfaces: what role do tritium (cluster-)ions play in aC:T formation?

While findings in this work suggest that the process is primarily electron-induced, a clear

distinction between contributions from electrons and ions was not achieved in one of the

critical measurements. An additional measurement, as proposed in Section 7.4.2, could

provide clarity on this mechanism. While not essential for the main objectives of KATRIN,

this insight could offer valuable information on the underlying processes at play. As

upcoming tritium-based neutrino experiments progress in planning and target even higher

sensitivity. Gaining a more detailed understanding of the accumulation process could

support the early development of additional strategies to mitigate potential systematic

effects from tritium adsorption.

This understanding is particularly relevant for the future experimental program of KATRIN,

which aims to search for sterile neutrinos with masses in the keV range. To achieve this,

the TRISTAN detector upgrade will be installed, enabling measurements of the tritium
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β-spectrum at greater depth and with significantly reduced source activity [Sie24; Ake22b].

For these measurements, mitigating background from residual tritium is even more critical.

Although a lower column density may reduce activity buildup, any tritium remaining

on the Rear Wall will represent a proportionally higher background due to lower source

activity. Addressing this will be crucial for accurate measurements.

The KATRIN collaboration plans to replace the current Rear Wall with a beryllium (Be) disk,

to reduce backscattering of electrons on the Rear Wall, which poses as a more significant

systematic effect for measurements deep in the tritium β-spectrum. This change will

necessitate studies to determine how effectively the findings from this work can be applied,

including an evaluation of the compatibility of a Be Rear Wall with UV/ozone cleaning and

potential aC formation on Be surfaces. These investigations are currently ongoing.
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Overview of MS Field Settings
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Table A.1: Applied currents and voltages for the MAX and SAP setting. The MAX and SAP setting

primarily differ in the currents applied to the LFCS system. For the MAX setting different configura-

tions in of the steep and flat cone (IE rings) were used.

MAX-Setting SAP-Setting

130/130 40/40 SAP-like

Coil # Air coil current in A

1 120 120

2 120 -4

3 120 116

4 120 70

5 110 70

6 110 70

7 110 70

8 110 110

9 110 110

10 110 110

11 110 -60

12 110 -28

13 120 58

14 120 5

15 120 120

16 120 120

17 120 -120

18 120 -119

19 120 -120

20 120 -120

Ring # IE ring voltage in V

2,3 130 40 125 125

4,6 130 40 25 25

15 130 40 45 45

16 130 40 105 105
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Patch-Wise Fit Results for the Rear Wall Rate
Evolution

Table B.1: Patchwise fit results of the KNM3-4 Rear Wall rate model, showing a decreasing slope with

increasing patch numbers, indicating that the rate growth diminishes towards higher radii. This

suggests a spatial dependence of the tritium accumulation process, with outer regions of the Rear

Wall exhibiting slower growth compared to the inner regions.

Patch no. m in 1 · 10
5
cps/mbar·l c in 1 · 10

6
cps

1 3.30 ± 0.18 −0.79 ± 0.26

2 3.33 ± 0.15 −0.86 ± 0.21

3 3.29 ± 0.10 −1.10 ± 0.14

4 3.25 ± 0.09 −1.08 ± 0.13

5 3.17 ± 0.06 −1.18 ± 0.09

6 3.05 ± 0.05 −1.19 ± 0.06

7 2.99 ± 0.02 −1.32 ± 0.02

8 2.88 ± 0.02 −1.34 ± 0.02

9 2.78 ± 0.04 −1.39 ± 0.05

10 2.69 ± 0.06 −1.43 ± 0.08

11 2.44 ± 0.05 −1.41 ± 0.07

12 2.08 ± 0.07 −1.27 ± 0.09

13 2.22 ± 0.07 −1.45 ± 0.10

14 1.64 ± 0.06 −1.10 ± 0.08
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Appendix B Patch-Wise Fit Results for the Rear Wall Rate Evolution
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Appendix C Overview of Decontamination Results

Table C.1: Overview of the OV/ozone decontamination procedures. The decontamination time is

determined on the duration of the UV illumination tUV. For both measurement methods, FPD and

BIXS the rates before R0 and after R1 the procedure are given. The uncertainties on the rates are

negligible. The time constant t1 is determined from the BIXS rate evolution during UV illumination.

Furthermore the previously cumulative throughput f of tritium circulated through the source prior

to the cleaning and the time since the last cleaning are given.

Cleaning tUV RFPD,0 RFPD,1 RBIXS,0 RBIXS,1 t1 f ∆t
# in h in cps in cps in cps in cps in h in mbar·l in days

1 80 2.4 · 10
6

1.8 · 10
3

17.1 0.2 14.01 ± 0.06 2.8 · 10
7

-

2 45 2.7 · 10
6

3.3 · 10
4

19.3 0.5 10.22 ± 0.06 2.8 · 10
7

317

3 49 - 1.8 · 10
4

5.3 0.4 3.46 ± 0.12 0.9 · 10
7

314
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Akronyms

ADC Analog-to-Digital Converter. 27

BIXS Beta-Induced X-ray Spectrometry. 31, 32, 33, 34, 70, 75, 76, 86, 87, 88, 89, 90, 91, 92,

93, 99, 102

CD Column Density. 30, 39, 119, 120, 123

CPS Cryogenic Pump Section. 19, 23, 24

DAQ Data Acquisition. 26

DPS Differential Pumping Section. 19, 23

EBID Electron Beam Induced Deposition. 55, 58, 65, 67, 112, 120, 126

FPD Focal Plane Detector. 1, 19, 24, 25, 28, 70, 75, 76, 77, 79, 83, 84, 86, 92, 93, 94, 102, 106,

109, 112, 113, 114, 115, 116, 117, 119, 120

FSD Final-State Distribution. 17, 36, 38, 39, 40, 41, 42, 71, 72, 73, 95, 96

IE Inner Electrodes. 24, 133

KATRIN Karlsruhe Tritium Neutrino. 1, 2, 3, 16, 19, 20, 21, 23, 24, 25, 30, 34, 35, 41, 43, 44,

45, 52, 54, 55, 56, 57, 58, 64, 66, 67, 68, 69, 70, 71, 73, 74, 77, 79, 82, 84, 86, 89, 90, 92, 94,

95, 98, 99, 101, 102, 119, 122, 123, 124, 125, 126, 127, 128, 129, 130

LFCS Low Field Correction System. 24, 133

MAC-E Magnetic Adiabatic Collimation with an Electrostatic filter. 1, 19, 24, 26

MS Main Spectrometer. 19, 24, 25

MTD Measurement Time Distribution. 19, 71

PAE Post-Acceleration Electrode. 26

PS Pre-Spectrometer. 24

RS Rear Section. 19, 29, 30, 33, 34, 55, 116

RSCM Re-Condenser Superconducting Magnet. 30, 33
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Akronyms

SAP Shifted Analyzing Plane. 25, 28, 71, 79, 80, 81, 105, 106, 133

SDD Silicon Drift Detector. 31, 32, 33, 75

SDS Spectrometers and Detector Section. 19, 23, 24, 29

SM Standard Model. 1, 4, 5, 6, 7, 11, 12

STS Source and Transport Section. 19, 24

TLK Tritium Laboratory Karlsruhe. 19

TMP Turbomolecular Pump. 23

WGTS Windowless Gaseous Tritium Source. 1, 19, 21, 22, 23, 29, 30, 33, 34, 71, 72, 76, 77,

78, 83, 86, 87, 98, 99, 100, 112, 113, 114, 116, 117, 120, 124, 125, 128
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