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1. Introduction

Neutrinos are elementary particles in the Standard Model of particle physics (SM).
The SM describes three flavors of neutrinos: electron, muon, and tau, corresponding to the
three generations of charged leptons. In contrast, the neutrinos are neutral and thus only
interact with other particles via the weak force, and are thus difficult to detect. In the SM
neutrinos are massless. However, the discovery of neutrino oscillations demonstrated that
neutrinos must have a non-zero rest mass. There are several experiments attempting to
measure the neutrino mass, often using different and complementary approaches.

One of these approaches is the study of the kinematics of β-decay. In many past and current
neutrino mass experiments, the hydrogen isotope tritium, 3H, in this work denoted as T,
is used as the β-emitter. Previous neutrino mass experiments with tritium have returned
upper limits on the neutrino mass,e.g. the Troitsk [Ase11] and Mainz [Kra05] experiments.
Since the first such experiments in 1947 [Kon47], substantial improvements have been
made with regard to tritium sources and electrostatic spectrometers of the Magnetic
Adiabatic Collimation with Electrostatic (MAC-E) type. The most recent of this
type of experiment is the Karlsruhe Tritium Neutrino (KATRIN) experiment.

The KATRIN collaboration recently published the results from their second neutrino mass
measurement campaign, which returned the current best limit for the neutrino mass of
[Ake22b]

m2
ν = (0.26± 0.34) eV2 ⇒ mν < 0.9 eV (90% C.L.). (1.1)

Combined with the result from the first neutrino mass measurement campaign in 2019
[Ake19], this yields

mν < 0.8 eV (90% C.L.) (1.2)

which is the first sub-eV sensitivity reached in a direct, kinematic neutrino mass measure-
ment.

In order for the KATRIN experiment to reach its ultimate goal, all sources of systematic
uncertainties need to be understood and quantified. One of these contributions stems from
the source gas compositions in the Windowless Gaseous Tritium Source (WGTS).
An ideal source would contain only pure tritium, T2 [KAT05]. While in general T2 is
the majority molecular component (mole fraction cT2 > 0.9), the other tritiated hydrogen
isotopologues, HT and DT, are encountered as well (with cHT + cDT < 0.1) [Ake20b]. Note
that minimal traces of the non-tritiated hydrogen isotopologues (D2, HD, H2) are also
observed.

1



1. Introduction

For the purpose of monitoring the tritium gas composition, a Laser Raman (LARA)
system is employed at the KATRIN experiment. The suitability of the KATRIN LARA
system for the accurate gas composition measurement has been demonstrated in several
studies for over more than a decade [Stu10a; Sch14; Fis14; Zel17; Nie21a]. However, the final
demonstration that the LARA system can achieve the metrological performance (trueness,
precision, and accuracy) continuously and reliably over KATRIN’s full operation time of
several years, can only truly be demonstrated with the passing of operation time. One
particular aspect of the LARA system, with respect to which the stability of several years
was yet to be demonstrated, is the intensity calibration using a Standard Reference
Material (SRM) supplied by National Institute of Standards and Technology
(NIST).

The use of molecular tritium, T2, is perceived as one of the limiting factors for the sensitivity
of measurements of the neutrino mass via the β-decay of tritium, due to the exitation of
rotational and vibrational states of the daughter molecule after the β-decay in a molecule.
The distribution of these energy states is the so-called Final States Distribution
(FSD), and can be calculated a priori [Sae00]. The ground-state manifold has a standard
deviation of about σFSD ≈ 0.4 eV [Sae00; Bod15] and limits the neutrino mass sensitivity.
Thus, it is envisaged to use atomic tritium sources in future experiments, and for this the
use of solid-state tritiated targets rather than gaseous sources has been proposed.

In this context, graphene is well known for its hydrogen storage capabilities [Whi18],
and was suggested as a possible solid-state (quasi) atomic tritium source / target [Bet13;
Bet19a] that might overcome the limitations on neutrino mass measurement posed by the
use of molecular tritium. From both aspects, theory and experiment, the hydrogenation of
graphene is reasonably well understood. However, until this work, the tritiation of graphene
was only investigated in a few theoretical studies [App22; Wu22], with no experimental
measurements at all.

In order to avoid designing and building complex experimental systems to demonstrate that
indeed graphene can be tritiated and results in stable samples, for this proof-of-principle
work it was proposed to exploit self-radiolysis of tritium to provide the atomic tritium for
the loading of graphene. However, since the properties of the self-radiolysis ‘cold’ plasma
cannot be controlled directly, it is crucial to have available at least one method of in-situ
monitoring of changes to the graphene sample during and after the exposure to tritium.
Raman spectroscopic monitoring and spatially-resolved chemometric target mapping was
identified as one of the key methodologies.

Raman spectroscopy and imaging have been demonstrated to be powerful analytical tools
for the study and characterization of graphene [Fer13]. Establishing a Raman system that
is suitable for the characterization of tritium-graphene interactions, and that is also flexible
enough to allow for integration into a glove box system, is an important step towards the
understanding of tritiated graphene, which could be the starting point for future neutrino
mass measurement at KATRIN.

In summary, the work described in this thesis advances the use and understanding of
Raman spectroscopy for the KATRIN experiment by (i) demonstrating the successful
long-term operation of the tritium gas composition monitoring of the molecular KATRIN
source; and (ii) establishing a new Raman system, a confocal imaging Raman microscope,
to enable the studies of radioactive / tritiated solid-state tritium sources / targets, initially
using graphene as the carrier material.

Specifically, the following questions have been addressed in this work.

1. The long-term performance of the LARA system needed to be demonstrated. In
particular, it needed to be shown that the trueness requirement can be achieved over

2



1. Introduction

extended periods of time, up to years, even when the certification of the intensity
calibration standard is expired.

2. In the scope of this work, a Confocal Raman Microscope (CRM) was set up
at Tritium Laboratory Karlsruhe (TLK) in collaboration with Universidad
Autónoma de Madrid (UAM). This CRM is designed to allow the measurement of
radioactively contaminated samples without the contamination of the entire system, and
expensive components like the spectrometer. Since the CRM is constructed from ‘off-
the-shelf’ components, and the assembly and alignment is performed manually, typical
microscope parameters are not known a priori. Although several of these parameters
can be partially calculated, all parameters need to be determined and demonstrated
experimentally as well.

3. It needed to be shown that the CRM is suitable for the characterization of tritium-
exposed graphene samples. For this purpose, graphene was tritiated for the first time,
allowing for preliminary qualitative insights into tritium-graphene interactions.

This thesis is structured as follows. In the first part of Chapter 2, a brief introduction to
neutrino physics is given; covering the discovery of the neutrino, the mechanism of neutrino
oscillations, and a brief theoretical description of the postulated massive neutrinos. In
the second part of Chapter 2, the KATRIN experiment is introduced, briefly covering
the overall experimental setup. The main focus, however, is the description of the source
composition monitoring, and the limitations arising from the use of molecular tritium.

In Chapter 3, the theory of Raman spectroscopy is introduced in both gaseous and solid
samples, using the hydrogen isotopologues and graphene as examples, respectively.

In Chapter 4 the experimental setup, data analysis routines, and software of the KATRIN
LARA and the CRM are described.

The results of and methods for the long-term operation of the LARA system are presented
in Chapter 5.

In Chapter 6 the commissioning, characterization studies and measurements of the CRM
are described.

In Chapter 7 the first tritium exposure of graphene is outlined, and results from the analysis
of tritiated graphene samples using the CRM are presented. These provide first qualitative
insights into the nature of the tritium-graphene interactions.

Finally, Chapter 8 provides a brief summary of the work and gives a concise outlook on
future extensions of research efforts.
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2. Measurement of the neutrino mass

In Section 2.1, the theory of neutrinos, the discovery of neutrino masses, and the fundamen-
tals of tritium β-spectroscopy are outlined. Following, in Section 2.2 a brief introduction to
the Karlsruhe Tritium Neutrino (KATRIN) experiment is given. In the last two
sections, namely Sections 2.3 and 2.4, the key elements that are crucial for the motivation
of this work are highlighted, for neutrino physics in general and the KATRIN experiment
in particular. First, the importance of source composition monitoring in the KATRIN
experiment is summarized in Section 2.3. Second, in Section 2.4, an introduction to neutrino
mass experiments beyond KATRIN is presented. This includes in Section 2.4.1 a discussion
of the limitations that molecular tritium imposes on the neutrino mass measurement, and
in Section 2.4.2 an outline of proposed (quasi) atomic tritium sources.

2.1. Neutrino physics

Neutrinos are elementary particles in the Standard Model of particle physics (SM).
The SM describes three flavors of neutrinos: electron, muon, and tau; corresponding
to the three generations of electrically charged leptons. In contrast, the neutrinos are
electrically neutral and thus only interact with other particles via the weak force, see
Figure 2.1. Neutrinos are difficult to detect, and a brief history of their discovery is given in
Section 2.1.1. Then, in Section 2.1.2, an overview of neutrino oscillation experiments and
the theoretical mechanisms of neutrino mass generation is given. Finally, in Section 2.1.3,
neutrino mass experiments are presented with the specific focus on experiments using
tritium β-electron spectroscopy in Section 2.1.4. In general, and unless stated otherwise,
the descriptions in this section follow Refs. [Pov15; Zub20].

2.1.1. History of the neutrino discovery

It was originally hypothesized that the β-decay is a two-body decay, in which the decaying
neutron in the nucleus emits a proton p and an electron e−. The theoretical expectation
was that the energy of the electron would be a discrete energy spectrum. However, a
continuous electron energy spectrum was observed experimentally. Confronted with this
finding, W. Pauli postulated the existence of the neutrino ν in his now famous letter in
1930 [Pau30; Pau85]. With his postulation, the two-body decay turned into a three-body
decay:

M(A,Z) → D(A,Z + 1) + e− + ν̄e, (2.1)
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2. Measurement of the neutrino mass

where M(A,Z) is the mother nucleus and D(A,Z + 1) is the daughter nucleus with the
atomic number Z and mass number A. In 1934, a theory for the shape of the β-electron
spectrum was derived by E. Fermi [Fer34]. Already at that time, the estimate was that
the mass of the then undiscovered neutrino must be considerably smaller than that of the
electron, or even equal to zero. For more than 25 years after its postulation, the small
interaction cross-section of the neutrino prevented its discovery. Eventually, the neutrino
was directly detected in a nuclear fission reactor, which was at that time the strongest
terrestrial source of (anti-)neutrinos available. C. L. Reines, F. Cowan and co-workers
exploited the inverse β-decay reaction

ν̄e + p→ e+ + n (2.2)

to detect the neutrino [Cow56]. In 1962, the AGS neutrino experiment discovered the
muon neutrino [Dan62]. These neutrinos were produced by decaying pions in a proton
accelerator at Brookhaven National Laboratory. Finally, the tau neutrino was discovered
by the DONUT collaboration in 2000 [DON01].

Figure 2.1.: Elementary particles and their properties in the Standard Model of
particle physics (SM). Left: The fermions are grouped according to the three generations
of matter: quarks (purple) on the top and leptons (green) at the bottom. Right: The
vector (or gauge) bosons (red) mediating the strong (g), electromagnetic (γ) and the weak
(Z0,W±) force. The scalar Higgs boson (yellow) corresponds to the Higgs field. All the
properties are taken from the latest version of the Review of Particle Physics [PDG22].

5



2. Measurement of the neutrino mass

During precision measurements at the e−-e+-collider LEP, no fourth neutrino flavor state
with m(ν) ≤ 104GeV was found; the measured width of the Z0-resonance was found to be
consistent with the predicted lifetime, assuming only Nν = 3 generations of light active
neutrinos [ALE06].

According to V-A theory [Fey58; Sud58], parity is violated maximally. Therefore, only
left-handed neutrinos and right-handed antineutrinos participate in the weak interaction,
as was experimentally confirmed in the Goldhaber experiment [Gol58]. But in order to
generate neutrino masses by the same mechanism as for all other particles in the SM,
i.e., via Yukawa couplings, right-handed neutrinos and left-handed antineutrinos would be
required as well. In the SM neutrinos are therefore massless. However, the discovery of
neutrino oscillations demonstrated that neutrinos must have a non-zero rest mass (this
paradigm is summarized concisely, e.g., in [Kin14]).

2.1.2. Neutrino oscillation and mass generation

The leptons can be written in three generation-doublets (see Figure 2.1):(
νe

e−

) (
νµ

µ−

) (
ντ

τ−

)
. (2.3)

In the description of neutrino oscillations, the flavor states |νe⟩, |νµ⟩, |ντ ⟩ are not necessarily
identical to the mass states |ν1⟩, |ν2⟩, |ν3⟩. The flavor states can be written as an orthogonal
linear combination of the mass states, namely:|νe⟩

|νµ⟩
|ντ ⟩

 =

Ue1Ue2Ue3

Uµ1Uµ2Uµ3

Uτ1Uτ2Uτ3


︸ ︷︷ ︸

U

·

|ν1⟩
|ν2⟩
|ν3⟩

 . (2.4)

The possibility of neutrino mixing was first considered by Pontecorvo [Pon57] for neutrino-
antineutrino oscillations and later by Maki, Nakagawa and Sakata [Mak62] for flavor mixing
of two neutrinos. Therefore, the matrix U is commonly known as the PMNS matrix. Often,
this PMNS matrix is parameterized as (see e.g. Ref. [PDG22])

U =

1 0 0
0 cos θ23 sin θ23
0 − sin θ23 cos θ23

 cos θ13 0 sin θ13e
−iδ

0 1 0
− sin θ13e

−iδ 0 cos θ13

 cos θ12 sin θ12 0
− sin θ12 cos θ12 0

0 0 1


(2.5)

with the mixing angles θij and the CP-violating phase δ. The current best experimental
values are summarized in Table 2.1. If neutrinos are Majorana particles, the PMNS matrix
needs to be extended by

UMajorana =

1 0 0

0 eiα1/2 0

0 0 eiα2/2

 (2.6)

with the Majorana phases α1,2. In the following, the concept of neutrino oscillations is
discussed in more detail for the simplified case of two generations of neutrinos, |νe⟩, |νµ⟩. For
this particular case, the system is described by one mass difference (e.g. ∆m2

12 = m2
2 −m2

1)
and one mixing angle θ. The unitary transformation is then given by(

|νe⟩
|νµ⟩

)
=

(
cos θ sin θ
− sin θ cos θ

)
·
(
|ν1⟩
|ν2⟩

)
. (2.7)
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2. Measurement of the neutrino mass

Table 2.1.: Best fit values of the neutrino oscillation parameters for the case of three
neutrinos. Values are derived by the Particle Data Group (PDG) from a combination of
the results of different experiments [PDG22].

Parameter Normal hierarchy Inverted hierarchy

∆m2
12 (7.53± 0.18)× 10−5 eV2 -

sin2 θ12 0.307± 0.013 -
∆m2

32 (2.437± 0.033)× 10−3 eV2 (−2.519± 0.033)× 10−3 eV2

sin2 θ23 0.547+0.018
−0.024 0.534+0.021

−0.024

sin2 θ13 (2.20± 0.07)× 10−2 -
δ, CP-violating phase 1.23± 0.21πrad (S = 1.3) -
⟨∆m2

21 −∆m̄2
21⟩ < 1.1× 10−4 eV2 -

⟨∆m2
32 −∆m̄2

32 (−0.12± 0.25)× 10−3 eV2 -

Considering the time evolution of the mass states after a time t, the two-flavor transition
probability is given by

P (νe → νµ) = P (νµ → νe) = P (ν̄e → ν̄µ) = P (ν̄µ → ν̄e)

= sin2 2θ︸ ︷︷ ︸
amplitude

· sin2
(
∆m2

12

4
· L
E

)
︸ ︷︷ ︸

frequency

= 1− P (νe → νe). (2.8)

From Eq. 2.8 it follows that for oscillation to occur both the mixing angle θ and the mass
difference ∆m2

12 are non-vanishing. From the term determining the oscillation frequency,
the characteristic oscillation length L0 can be derived

L0 = 4πℏc
E

∆m2
= 2.48

E/MeV

∆m2/eV2m. (2.9)

Solar neutrino oscillation

In the core of the sun, nuclear fusion processes generate primarily electron neutrinos,
which are produced through the fusion of hydrogen nuclei into helium. Based on our
understanding of these fusion reactions, and the Standard Solar Model, precise predictions
were made for the expected flux of electron neutrinos that should reach earth. Experimental
efforts to detect solar neutrinos, such as the Homestake experiment in the 1960s [Dav64],
consistently revealed a deficit in the number of observed electron neutrinos compared to
theoretical expectations. The discrepancy was approximately a factor of three, known as
the ‘solar neutrino deficit’.

The breakthrough for the understanding of the deficit came with the discovery of neutrino
oscillations. Neutrino flavor transformation, as demonstrated by the Super Kamiokande
[Sup98] and the Sudbury Neutrino Observatory (SNO) [SNO01] experiments, revealed that
neutrinos are not necessarily produced and detected in the same flavor state. Instead, they
undergo flavor-changing oscillations as they propagate through space. This means that the
νe produced in the sun can transform into other neutrino flavors (νµ or ντ) before reaching
earth. The observation of neutrino oscillations confirmed that the total number of solar
neutrinos νe emitted by the sun matched theoretical predictions, thus solving the solar
neutrino problem. Note that the detection methods in the early solar neutrino experiments
were only sensitive to νe, while later experiments were sensitive to the three neutrino flavors
of the SM.
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2. Measurement of the neutrino mass

In addition to solving the solar neutrino discrepancy, this discovery had further implications
for neutrino physics, including the confirmation that neutrinos have mass, revolutionizing
the understanding of particle physics beyond the SM.

Theoretical mechanisms for the generation of neutrino masses

In the SM charged fermions obtain their mass via the spontaneous symmetry breaking
and the Higgs mechanism [Hig64; Kib67]. The doublet of scalar Higgs fields results in a
non-zero vacuum expectation value, which couples to a doublet of left-handed and a singlet
of right-handed fermions; this constitutes the so-called Yukawa coupling. For example, for
electrons, the corresponding Lagrangian can be written as

LYukawa = −ce
[
ēRϕ

†
0

(
νeL

eL

)
+ h.c.

]
(2.10)

= cev
1√
2
(ēReL + ēLeR) (2.11)

= −ce
v√
2
ēe. (2.12)

Here ce is a coupling constant (note that this cannot be predicted by theory and hence has
to be determined experimentally), v is the vacuum expectation value of the Higgs field, e is
the spinor of the electron, and the Hermitian conjugate is abbreviated by h.c.. Evaluation
of Eq. 2.12 results in an electron with the mass me = ce

v√
2
.

More generalized, Dirac particles1 gain their masses from the Lagrangian

L = ψ̄

(
iγµ

∂

∂xµ
−mD

)
(2.13)

where ψ denotes a four-component spinor, mD is the Dirac mass, and the γ-matrices are
defined as:

γ0 =

(
1 0
0 −1

)
γi =

(
0 σ̃i

−σ̃i 0

)
for i = 1, ..., 3 (2.14)

where σ̃i are the Pauli matrices [Pau27]. The first term in Eq. 2.13 corresponds to the
kinetic energy of the particle, and the second term corresponds to the Dirac mass. The
Dirac mass term can be written as

L = mDψ̄ψ (2.15)

where ψ̄ψ is Hermitian and Lorentz invariant. Given that L is Hermitian as well, the Dirac
mass term can be written in its chiral components (L and R)

L = mD(ψ̄LψR + ψ̄RψL) where ψ̄RψL = (ψ̄LψR)
†. (2.16)

Here ψL and ψR are the Weyl spinors. This is a more general description of Eq. 2.12. Since
this mechanism requires both a left- and a right-handed Dirac neutrino to produce the
mass term; and only left-handed neutrinos exist, they remain massless in the SM. Any
theory that includes a non-vanishing neutrino mass is classified as ‘physics beyond the SM’.
By introducing a right-handed neutrino singlet state, the SM can be extended. In this way,

1A particle behaving according to the Dirac theory. This theory describes the general behavior of
electrons and muons, except for radiative corrections; it was envisaged as describing the remaining central
core of a hadron of spin 1

2
ℏ, after the effects of nuclear forces are removed.
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2. Measurement of the neutrino mass

a Yukawa coupling is also possible for neutrinos, and a so-called ‘Dirac mass term’ is added
to the Lagrangian. For neutrinos, Eq. 2.10 can then be written as

LYukawa = −cν
[
ν̄Rϕ

†
(
νeL

eL

)
+ h.c.

]
(2.17)

= −cνvν̄ν. (2.18)

Here cν is the Yukawa coupling for the neutrino mass. However, with the current upper
limits for the neutrino masses, this would require a coupling constant about 1 × 10−12

smaller compared to all other SM particles.

Seesaw mechanism

There are alternative theories for the mechanism to generate neutrinos with mass. One
prominent theory assumes that neutrinos are Majorana particles: the neutrinos and anti-
neutrinos are the same particle, but the discrimination in handedness remains. The
Lagrangian can then be written as

L = −1

2

[(
ν̄L N̄ c

L

)(mL mD

mD mR

)(
ν̄c
R

N̄R

)
+ h.c.

]
(2.19)

Here N is a heavy, sterile neutrino and c denotes the charge conjugate state. In addition
to the Dirac mass mD, there are two Majorana masses mL and mR. Three specific cases
can be distinguished:

• When mL = mR = 0, the resulting mass is the Dirac mass term mD.

• When mL = 0 and mR ≫ mD, two distinct mass eigenstates can be found, namely:

m1 =
m2

D

mR
(2.20)

m2 = mR

(
1 +

m2
D

mR

)
≈ mR (2.21)

This is known as the type I seesaw mechanism. Here m1 could be in the sub-eV-range,
while the mass m2 of an additional (sterile) neutrino could be in the range of MeV to
GeV.

• When mR ≫ mD, mL ̸= 0, and mL ≪ mR, there is a second contribution to the neutrino
mass due to the coupling to the Higgs field. This is called the type II seesaw mechanism
and can lead to approximately equal neutrino masses.

Numerous different mass scenarios can be predicted by the different theoretical models.
From the experimental point of view, neutrino oscillation experiments can provide the
required mass differences and, eventually, the ordering. However, they cannot provide the
absolute scale, which is of great interest for discriminating between the different theoretical
models. The choice of the mass scenario realized in nature and a hint to the appropriate
theory behind it can therefore only be obtained from absolute neutrino mass measurements.
An overview of the different scenarios, as a function of the lightest mass eigenstates, is
shown in Figure 2.2.
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2. Measurement of the neutrino mass

Figure 2.2.: Experimentally observable combinations of neutrino mass in β-decay, neutrino-
less double beta decay (0νββ), and cosmology as a function of the lightest neutrino mass.
The current β-decay limit is taken from [Ake22b], the Planck result from [Agh20], and the
(0νββ)-limit from [Kam23]. Image adapted from [INP21].

2.1.3. Measurements of the neutrino mass

There are several experiments attempting to measure the neutrino mass, often using
different and complementary approaches. In general, these are classified in two categories,
namely direct and indirect. Direct methods make use of the relativistic energy-momentum
relation and use the kinematics of a neutrino process; these are sensitive to an effective
neutrino mass squared, m2. Indirect methods, in addition to experimental data, rely on
modeling, simulations and theoretical calculations. These are, in general, associated with
additional systematic and model-dependent uncertainties. In the following, key aspects of
the different measurement methodologies are collected.

Cosmological and astrophysical observations

Large-scale structures observed in the current state of the universe have been influenced
by neutrinos since the early stages of the universe. Specifically, ‘smearing’ of small-scale
fluctuations is sensitive to the sum of the neutrino masses. There are two main methods
employed here: (i) studying the structure of today’s universe by large galaxy surveys; and
(ii) analysis of the cosmic microwave background (CMB). However, it has to be stressed
that the associated results are model-dependent and therefore often not trivial to derive,
combine, or compare [PDG22; Val22]. The observable in these experiments is the total
sum of all neutrino masses, mtot. In 2014, a very detailed map of the CMB was published
by the Planck Collaboration [Pla14], which suggested that

mtot =

3∑
i=1

mi < 0.23 eV (95% C.L.). (2.22)

Data from more recent studies, including SDSS’s Baryon Oscillation Spectroscopic Survey
(BOSS) data and dark energy surveys (DES), further constrained the sum of the neutrino
masses to

mtot < 0.14 eV (95% C.L.) [Tan22] and mtot < 0.13 eV (95% C.L.) [DES22]. (2.23)

However, as pointed out in complementary analyses, described in e.g. Refs. [Sgi21; Val22],
the data leading to the values in Eq. 2.23 could also be compatible with neutrino masses
as large as

mtot ∼ 0.4− 0.6 eV (95% C.L.). (2.24)
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Neutrinoless double β-decay

Neutrinoless double β-decay (0νββ) is a specific weak interaction process that would signal
violation of total lepton number conversation. This violation can be resolved if neutrinos
are Majorana particles, thus their own anti-particle [Giu12]. If this is the case, two neutrons
in the same nucleus can decay simultaneously without the emission of neutrinos. This
would correspond to the following nuclear reaction:

N(A,Z) → N ′(A,Z + 2) + 2e−. (2.25)

Following Ref. [Giu12], the half-life T 0νββ
1/2 of the 0νββ-decay can be written as:

(T 0νββ
1/2 )−1 = G01|M0νββ|2

(
⟨mν⟩
me

)2

, (2.26)

where ⟨mν⟩ = |
∑

i U
2
i mi| is the effective Majorana neutrino mass, where U is given by

Eqs. 2.5 and 2.6, G01 is a phase-space factor, M0νββ is the nuclear matrix element and me

is the electron mass.

One major experimental challenge is the background reduction due to the long half life
and hence very low expected decay rate of the 0νββ-decay at about T 0νββ

1/2 > 1.4× 1022 −
2.3 × 1026 yr [Bil15]. In addition, the calculation of the nuclear matrix element M0νββ

leads to a significant uncertainty in the determination of the effective Majorana neutrino
mass. Therefore, the spread in experimental results is still considerable. Most recently, the
CUORE (Cryogenic Underground Observatory for Rare Events) collaboration reported no
evidence of the 0νββ and derived - using Bayesian analysis [CUO22] - that

T 0νββ
1/2 > 2.2× 1025 yr and ⟨mν⟩ < 90− 305meV at 90% C.I.. (2.27)

The effective Majorana neutrino mass ⟨mν⟩ is in good agreement with the latest results from
the KamLAND-Zen (Kamioka Liquid Scintillator Antineutrino Detector-Zen) experiment
[Kam23]:

T 0νββ
1/2 > 2.3× 1026 yr and ⟨mν⟩ < 36− 156meV at 95% C.L.. (2.28)

Note that the values for T 0νββ
1/2 cannot be directly compared, due to the use of different

isotopes.

Supernova neutrinos

Core-collapse supernovae (type II supernovae) are strong2, point-like sources of neutrinos.
These neutrinos can be used for time-of-flight measurements. A neutrino with velocity vν
and total energy Eν, has a flight time, tF , of

tF = t− t0 =
L

v
=
L

c

Eν

pνc
=
L

c

Eν√
E2

ν −m2
νc

4
≈ L

c

(
1 +

m2
νc

4

2E2

)
(2.29)

from the source (emission time t0) to the detector (arrival time t), at a distance L. Here,
it is assumed that mνc

2 ≪ Eν. For two neutrinos with E1, t1 and E2, t2 (E2 < E1) the
time difference upon detection on earth is:

∆t = t2 − t1 = ∆t0 +
Lm2

ν

2c

(
1

E2
2

− 1

E2
1

)
. (2.30)

2For example, SN1987A emitted 1058 neutrinos, leading to a neutrino flux of over 10×1010 neutrinos/cm2

at the earth. [Don09]
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However, the difference of emission times ∆t0 has to be determined based on theoretical
models of the time evolution of the supernova neutrino burst. All other parameters in
Eq. 2.30 can be determined experimentally. Depending on the theoretical model and the
analysis method, detailed analysis of the supernova 1987A data led to upper limits on the
neutrino mass of about 5.7 eV [Lor02].

Kinematics of weak decays

Another prominent direct method for the determination of the neutrino mass, is the
investigation of the kinematics of weak decays. Of particular interest is the β-decay. In the
β-decay, one encounters three possible decay modes:

N(Z,A) → D(Z + 1, A) + e− + ν̄e (β−-decay), (2.31)

N(Z,A) → D(Z − 1, A) + e+ + νe (β+-decay), and (2.32)

e− +N(Z,A) → D(Z − 1, A) + νe (electron capture). (2.33)

In the β-decay the ordering number Z of the nucleus changes by one unit, while the atomic
mass A remains the same. The observable in β-decay experiments it the average electron
neutrino mass square, given by:

m2(νe) =
∑
i

|Ui|2m2
i (2.34)

The decay energy, the so-called Q-value, is given by the mass difference between the mother
and daughter atoms:

Q = (m[N(Z,A)]−m[N(Z + 1, A)]) c2 (2.35)

The endpoint energy E0 of the decay spectrum is given by

E0 = Q− Erecoil, (2.36)

where Erecoil is the recoil of the daughter nucleus [Ott08]. Eq. 2.36 is only valid for the case
of a vanishing neutrino mass and no additional excitations of the daughter nucleus. As will
be seen in Section 2.2 these quantities will be relevant in the realization of an experiment,
and for the derivation of the neutrino mass: the influence of the neutrino mass on the
shape of the β-spectrum becomes significant close to the kinematic endpoint. Therefore, to
determine the neutrino mass from the shape of β-spectrum, this small change in spectral
shape has to be resolved in any given experiment.

2.1.4. Tritium β-electron spectroscopy

In many past and current neutrino mass experiments, the hydrogen isotope tritium 3H, in
this work denoted as T, is used as an β-emitter. There are various reasons motivating the
use of tritium [Ott08; Bea08; Dre13; Zub20]:

• Tritium has a relatively short half-life of only about 12.3 yr, providing high decay rates
per unit amount of radioactive material. At the same time, any tritium source is not
depleted all too rapidly.

• The endpoint is one of the smallest for known β-emitters, with about 18.6 keV.

• Tritium has a simple electronic shell with an atomic number of Z = 1. Therefore,
Coulomb interactions between the emitted electrons and the nucleus are minimal, which
allows for making detailed theoretical calculation of the process.
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• Typically, tritium presents itself in the form of molecules, T2. The simple structure of the
molecule allows for the quantitative calculation of the excited final states of the daughter
molecule (3HeT)+. However, this molecular form, T2, is also limiting the sensitivity of
tritium neutrino mass experiments. This will be explained in more detail in Section 2.4.

Previous neutrino mass experiments with tritium have returned upper limits on the
neutrino mass,e.g. the Troitsk [Ase11] and Mainz [Kra05] experiments. Since the first such
experiments in 1947 [Kon47], substantial improvements have been made with regard to
tritium sources and electrostatic spectrometers of the Magnetic Adiabatic Collimation
with Electrostatic (MAC-E) type (see Section 2.2.2). The current experiment of this
type is the Karlsruhe Tritium Neutrino (KATRIN) experiment.

From the conceptual point of view, the β-decay of tritium is described by

T −→ 3He+ + e− + ν̄e. (2.37)

Here it should be stressed that in the experimental realizations to date always T2 was used
so that Eq. 2.37 needs to be modified to represent the decay originating from the tritium
in its molecular form (see Eqs. 2.46 to 2.48 in Section 2.3 below). The differential decay
rate of a tritium nucleus can be derived using Fermi’s golden rule [Fer34; Ott08]:

dΓ

dE
=
G2

F cos2(θC)

2π3
|Mnuc|2F (Z,E)p(E +me) ·

∑
i

|Uei|2ϵ
√
ϵ2 −m2

iΘ(ϵ−mi) (2.38)

with the following parameters (see e.g. Ref. [Kle19a; Ake22a]). Note that for better
readability, natural units (ℏ = c = 1) are used in this work.

- GF: Fermi coupling constant

- θC: Cabibbo angle

- |Mnuc|2: nuclear matrix element

- F (Z,E): Fermi function to account for the interaction with the nuclear Coulomb field,
with the atomic charge of the helium daughter nucleus Z = 2

- ϵ = E0 − E: neutrino energy

- Θ(ϵ−mi): Heaviside function to ensure energy conservation

- mi : neutrino mass eigenstates mi with i = 1, 2, 3

The KATRIN collaboration recently published the results from their second neutrino
mass measurement campaign, which returned an m2

ν value compatible with zero within
the experimental uncertainties and resulting in the currently most stringent upper limit to
date:

m2
ν = (0.26± 0.34) eV2 ⇒ mν < 0.9 eV 90% C.L..[Ake22b] (2.39)

Combined with the result from the very first neutrino mass measurement campaign in 2019
[Ake19], this results in

mν < 0.8 eV 90% C.L.. (2.40)

Since the research described in this thesis has been conducted in the context of theKATRIN
experiment, its setup and methodology are described in more detail in the next section.
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2. Measurement of the neutrino mass

2.2. The KArlsruhe TRItium Neutrino (KATRIN) experiment

Using the experience gained from its predecessor experiments in Troitsk [Ase11] and Mainz
[Kra05], the KATRIN experiment aims to improve the sensitivity on the neutrino mass
by one order of magnitude from 2 eV before the start of KATRIN to 0.2 eV with its total
expected data set [KAT05].

The KATRIN experiment employs a high-luminosity Windowless Gaseous Tritium
Source (WGTS) in combination with a Magnetic Adiabatic Collimation with
Electrostatic (MAC-E) filter type spectrometer. An overview of the complete setup of
the KATRIN experiment is shown in Figure 2.3. For simplicity, the system is normally
described as comprising three sub-systems: (i) the Source and Transport Section
(STS), (ii) the Source and Detection Section (SDS) and (iii) the Rear Section
(RS). These experimental sub-systems of the KATRIN experiment are described briefly
in Sections 2.2.1 to 2.2.3. Note that the description follows Refs. [KAT05; KAT21] if not
stated otherwise.

2.2.1. The source and transport section (STS)

The Source and Transport Section (STS) includes the Windowless Gaseous
Tritium Source (WGTS), a differential pumping section (DPS), and a cryogenic pumping
section (CPS); all are integrated into the full tritium loops infrastructure of the TLK.
The transport section adiabatically guides the beta electrons from the source to the
spectrometers, while at the same time eliminating any tritium flow into the spectrometer.
The spectrometer has to be kept practically free of tritium: any tritium in the spectrometer
would produce unwanted background signals at the detector.

A schematic of the WGTS and inner tritium loop [Kaz08; Stu10b; Pri15; Stu21] is shown
in Figure 2.4. The WGTS is a 10m long tube with an inner diameter of 90mm. The tube

Figure 2.3.: Schematic view of the KATRIN experimental setup. The overall length of
the setup is about 70m. Electrons emitted in the β-decay of tritium in the source are
guided adiabatically through the transport section into the Main Spectrometer (MS).
The Main Spectrometer (MS) is based on the MAC-E filter principle and acts as an
electrostatic high-pass filter for electrons. The β-electrons that pass the MS are recorded,
and counted, using the Focal Plane Detector (FPD). Image adapted from [Ake22b].

14



2. Measurement of the neutrino mass

Figure 2.4.: Schematic diagram of the Windowless Gaseous Tritium Source (WGTS)
and the Inner Loop. Via a pressure-controlled buffer vessel and a capillary system, tritium
gas is injected at the center of the WGTS tube. The gas is pumped off on both ends via
turbomolecular pumps. Impurities are removed by a Pd-permeator and returned to the
Outer Loop. Pure tritium is supplied as needed from the Outer Loop. The gas composition
is constantly monitored via a LARA system. Image adapted from [Ake20b].

is filled with high-purity molecular tritium gas; the gas is injected into the tube through a
capillary, roughly at the center. The β-electrons from the tritium decay are guided by a
homogeneous magnetic field with up to 3.6T towards the ends of the tube. The tritium gas
is pumped off at both ends of the tube and returned to the inner tritium loop, after passing
a Pd-membrane permeator, to remove any non-hydrogen isotopologue contamination. The
cleaned tritium gas is stored in a buffer vessel that is replenished with high-purity tritium
gas as needed. From this main buffer vessel, the gas flows through the Laser Raman
(LARA) cell (see Section 4.1) into a pressure-controlled buffer vessel that releases the gas
with a constant flow rate into the WGTS through the injection capillary.

The LARA system is used for source composition monitoring [Stu10a; Ake20b]. Since
it forms a major foundation of the present work, an in-depth description of the LARA
system is provided in Section 2.3.

Any tritium gas that is not removed by the pumps directly from the end of the WGTS,
is pumped off by the DPS and CPS and returned to the Outer Loop [Wel17]. In full
operation, the KATRIN source has a throughput of about 40 g of tritium per day [Wel17;
Stu21]. For this reason, the KATRIN experiment is located at the Tritium Laboratory
Karlsruhe (TLK); it is currently the only scientific laboratory equipped with a closed
tritium cycle and licensed to handle the required amount of tritium.
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2. Measurement of the neutrino mass

2.2.2. The spectrometer and detector section (SDS)

Within the KATRIN beam line (see Figure 2.3), two MAC-E filter spectrometers are used,
the so-called Pre-Spectrometer (PS) and the Main Spectrometer (MS). As it is an
integral part of the KATRIN experiment, the MAC-E filter principle is briefly introduced
(a sketch of the MS is shown in Figure 2.5).

The main purpose of these spectrometers is the energy selection; they serve as high-
pass filters for electrons by using magnetic adiabatic collimation in combination with an
electrostatic energy filter. The required magnetic field is produced by superconducting
solenoids at the spectrometer entrance and exit. A β-electron arriving into the spectrometer
from the WGTS, is guided by the magnetic field towards the center of the spectrometer, to
the so-called analyzing plane3. During this process, the magnetic gradient force transforms
the cyclotron motion of the electron into the longitudinal component, while maintaining
full energy conservation. In a non-relativistic approximation, the orbital magnetic moment
µ is conserved according to

µ = |µ| = e

2me
|l| = E⊥

B
= const., (2.41)

where l is the electron angular momentum around a magnetic field line, and E⊥ and B are
the transversal components of the electron energy and the magnetic field, respectively. The
transverse kinetic energy reaches its minimum in the analyzing plane, where the magnetic
field is reduced to a small value in the order of 0.5mT. In addition to the magnetic field,

Figure 2.5.: Schematic view of theKATRINmain spectrometer that is based on theMAC-E
filter principle. Electrons from the source enter the MS (left). They are guided adiabatically
along the magnetic field lines. In the lower part of the image, the evolution of the electron
momentum vector is shown. The magnetic field is defined by the superconducting solenoids
at the entrance and exit of the spectrometer, and by a system of air coils. Image adapted
from [KAT21].

3The position of the analyzing plane relative to the spectrometer is given by the relative strength of the
magnetic field at the entrance and exit. Starting with KATRIN Neutrino Mass (KNM)3 campaign, the
MS is operated with a shifted analyzing plane (SAP) to reduce background. [Lok22]

16



2. Measurement of the neutrino mass

an electric field is applied in the MS. The electrons can only pass the spectrometer if their
longitudinal energy is larger than the filter energy

E∥ = E · cos2 θ > q · Umax, (2.42)

where q is the electron charge, E its kinetic energy and θ the pitch angle. The energy
resolution ∆E of such a MAC-E filter is then given by

∆E

E
=
Bmin

Bmax

KATRIN MS−−−−−−−−→ ∆E ≈ 0.3mT

6T
· 18.6 keV ≈ 1 eV. (2.43)

In the KATRIN experiment, the β-spectrum is measured in integral form by varying the
filter energy, or more precisely, by varying the potential difference between the source and
the spectrometer. The key requirements and design criteria for the MS are the vacuum
quality (lower 10× 10−11mbar regime), high voltage (relative precision of ppm for voltages
up to -35 kV), and magnetic field stability, to guarantee optimal electron transport from
the source to the detector.

In KATRIN a custom-designed multi-pixel silicon detector, the so-called Focal Plane
Detector (FPD) system, is used. The main objective of the FPD system is to detect
β-electrons transmitted by the MS. The detector is segmented into 148 pixels of equal
area, covering the entire magnetic flux tube. For electrons in the signal region, the FPD
has a high efficiency of ≥ 90%. The energy resolution of the detector is relatively poor,
with about 1.5 keV FWHM [Ams15]. However, this constitutes no problem for KATRIN,
since the energy resolution in the integral measurement mode is provided by the MS. For
the envisaged transition to a differential measurement mode, where the energy analysis is
performed by the detector, the FPD system will be replaced by the TRISTAN detector
[TRI21; Hou20; Ake22a]. This will be briefly discussed in Section 2.4.

2.2.3. The rear section (RS)

The Rear Section (RS) is the section at the far end of the KATRIN beam line. It
contains an electron gun (e-gun) that enables studies of the electromagnetic characteristics
along the full beam line, including the MS and the FPD, and column density monitoring
and measurement of the so-called ‘energy-loss’ (E-loss) function. The Rear Wall (RW),
a stainless-steel disk coated with a 1 μm-layer of gold, also forms part of the RS. The RW
is important for determining and manipulating the plasma potential distribution within
the WGTS.

During the operation of the KATRIN experiment, accumulation of tritium-mediated
contaminants on the RW was observed [Ake23b]. If left untreated, tritiated-compound
accumulations lead to an increase in the background signal in the experiment. Currently,
these accumulations are intermittently removed in-situ by UV/ozone cleaning; however,
the actual composition of the tritiated molecules on the surface of the rear wall remains
unknown. The best hypothesis is tritiated amorphous carbon (aC:T). The Confocal
Raman Microscope (CRM) that was developed within the scope of this work can be
used for the characterization of aC:T on a gold surface. Proof-of-principle studies conducted
with ≈ 1 cm2 duplicates of the RW are summarized in Appendix E.
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2. Measurement of the neutrino mass

2.3. Importance of source composition monitoring

In the previous sections, it was assumed that β-electrons originate from atomic tritium,
to simplify the theoretical treatment. However, in reality, in the KATRIN experiment
tritium is present in molecular form, T2, and Eq. 2.37 becomes

T2 −→ (3HeT)+ + e− + ν̄e. (2.44)

Therefore, Eq. 2.38 needs to be modified to include excitation of a spectrum of rotational and
vibrational final states in the daughter molecule, the so-called Final States Distribution
(FSD). The neutrino energy ϵ becomes ϵf = E0 − Vf − E and thus

dΓ

dE
=
G2

F cos2(θC)

2π3
|Mnuc|2F (Z,E)p(E +me) ·

∑
f

Pf ϵf

√
ϵ2f −m2

νΘ(ϵf −mν) (2.45)

with an energy correction Vf , originating from the final state f of the decay product and
the final states probability Pf as calculated in quantum chemical theory [Sae00; Dos06].
Here the definition of the effective neutrino mass m2(νe) =

∑
i |Ui|2m2

i for i = 1, 2, 3 is
used.

An ideal source would contain only pure tritium, T2 [KAT05]; while in general T2 is the
majority molecular component (mole fraction cT2 > 0.9), the other tritiated hydrogen
isotopologues HT and DT are encountered as well (with cHT + cDT < 0.1) [Ake20b]. Note
that minimal traces of the non-tritiated hydrogen isotopologues (D2, HD, H2) are also
observed.

As a consequence of this, one has to consider the contributions from all three tritiated
species to the total number of β-decay electrons, i.e.,

T2 −→ (3HeT)+ + e− + ν̄e, (2.46)

DT −→ (3HeD)+ + e− + ν̄e and (2.47)

HT −→ (3HeH)+ + e− + ν̄e. (2.48)

In order to take these into account during the data analysis, constant monitoring of
the source gas composition is paramount. In the following, the definition of the source
composition parameters is given, and systematic effects, which depend on the source
composition, are introduced. Finally, the requirements to the uncertainties in source
composition monitoring are summarized.

Definition of source composition parameters

For the successful operation of the KATRIN experiment, key parameters were identified
[KAT05; KAT21]. The uncertainties, associated with every key parameter, must not
contribute more than

σsys = 7.5× 10−3 eV2 (2.49)

to the neutrino mass analysis after three full years (> 1000 days) of β-electron data taking
[KAT05; KAT21]. Two key parameters are related to the source gas composition: (i) the
isotopic tritium purity ϵT (fraction of tritium atoms in the gas); and (ii) the HT/DT ratio
κ [Bab12].
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2. Measurement of the neutrino mass

The tritium purity is defined as

ϵT =
NT2 +

1
2(NHT +NDT)∑

iNi
, (2.50)

where i = T2,DT,D2,HT,HD,H2 and Nx is the number of molecules of the specific
isotopologue x ∈ i. It represents the fraction of all tritium atoms relative to the total
number of atoms within the source, and KATRIN is designed to operate with ϵT > 95%
at all times [Bab12]. This maximizes the source activity (Eq. 2.53). Additionally, the
HT-DT-ratio κ, which is defined as

κ =
NHT

NDT
, (2.51)

has to be taken into account, since ϵT does not contain any information about the number
of the individual isotopologues.

Alternatively, the source composition can be represented by the mole fractions of the
individual molecular constituents. The mole fraction cx of a constituent x is defined as

cx =
Nx∑
iNi

, (2.52)

with
∑

i ci := 1. Overall, in the context of the KATRIN experiment, the {ϵT, κ} represen-
tation is preferred because often only the active molecules are of interest. In addition, all
the uncertainty requirements are given directly in relation to {ϵT, κ}.

Composition dependent systematic effects

As stated earlier in this section, the isotopic tritium purity ϵT and the HT-DT-ratio κ are
the key parameters specified for the KATRIN experiment [Bab12; Ake22b]. The tritium
purity ϵT directly impacts the source activity S

S = C · ϵT · ρd. (2.53)

In this equation C is a constant factor dependent on detector efficiency and other experimen-
tal parameters [Bab12], and ρd is the column density in the WGTS, i.e., the areal density
of atoms in the source regarding the cross-sectional area of the source tube. The influence
of the HT/DT ratio κ is less obvious on first sight; however, there are several systematic
effects that are sensitive to the mass of the decaying molecule. If left uncorrected, these
would introduce distortions of the shape of the β-spectrum. These are briefly summarized
in the following list.

• Doppler effect: Due to the thermal motion of molecules in the gas and the resulting
Doppler effect, the kinetic energies of the β-decay electrons are shifted. Additionally,
within the WGTS, all molecules are moving towards one of the ends in a bulk motion.
In the non-relativistic approximation, the energy shift is given by [KAT05]:

ϵ = ELAB − ECMS =
1

2
me[(V∥ + v)2 + V 2

⊥]−
1

2
mev

2
e ≈ me · ve · V∥, (2.54)

where me, ve denote the electron’s mass and velocity (in the center-of-mass (CMS)
system of the molecule), respectively; and V∥/⊥ is the velocity component of the
decaying molecule parallel / transverse to the direction of the electron. At any given
temperature, the molecular velocity distribution depends on the molar mass; therefore,
the actual composition of the gas has to be taken into account.
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2. Measurement of the neutrino mass

• Elastic electron scattering: In addition to inelastic scattering, the β-electrons scatter
elastically with the molecules in the source. The energy loss of the electron due to
elastic scattering is given by [KAT05]

∆E = 2
me

MQ2

Ee(1− cos θs), Q = H, D, T. (2.55)

Hereme, Ee denote the electron’s mass and initial energy, θs is the scattering angle and
MQ2

represents the molecule’s mass. Due to the dependency on MQ2
the knowledge

of the source composition is required to calculate the elastic energy loss.

• Nuclear recoil: Eq. 2.38 is only valid for an infinitely heavy tritium nucleus. In
reality, due to the emission of the β-electron and the electron antineutrino, recoil
energy is transferred to the daughter molecule (e.g. (3HeT)+ ) during β-decay. This
recoil energy is not available for the electron as kinetic energy and shifts the spectrum
towards lower energies. Close to the energetic endpoint in the β-spectrum, the recoil
energy balances the momentum of the electron [KAT05]:

Erec ≈ E · me

MX
, X = HT, DT, T2. (2.56)

Since the recoil energy Erec depends on the mass of the daughter molecule, MX, the
β-spectrum is dependent on the isotopologue composition of the WGTS. In reality,
the measured β-spectrum is a weighted superposition of the single spectra of T2-, DT-
and HT-β-decay.

• Final state distribution (FSD): The daughter molecule can be excited to different
states by the recoil of the β-decay [Sae00; Dos06]. The first electronic excited state of
the (3HeT)+ has an excitation energy of ∼27 eV, and is therefore not relevant for the
energy interval relevant for KATRIN [KAT05]. Different rotational-vibrational states
are populated. As shown in Figure 2.6, different daughter molecules have different
final state distributions. Here, it should be noted that the broadening of the energy
spectrum that is associated with the FSD of the molecular decay sets a limit for the
sensitivity of neutrino mass experiments with molecular tritium. This will be further
expanded on in Section 2.4.

Figure 2.6.: Final state distributions for different daughter molecules. Reprinted with
permission from [Sch14]. Copyright 2014 Springer International Publishing Switzerland.
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Requirements on the LARA system for source monitoring

Since the source activity (Eq. 2.53) and previously listed systematic effects depend on the
source composition, a continuous composition monitoring is necessary. For the KATRIN
experiment, the requirements were first defined in Ref. [KAT05], and refined and amended
in Refs. [Bab12; Sch14]. In summary, the requirements for the 200meV goal are:

∆ϵT
ϵT

≤ 1× 10−3 =̂ 0.1% (precision),
∆ϵT
ϵT

≤ 3× 10−2 =̂ 3.0% (trueness) (2.57)

and
∆κ

κ
≤ 10× 10−2 =̂ 10% (accuracy). (2.58)

Note that simplified, the precision is related to relative changes, i.e., statistical (stat.)
uncertainty; and trueness is associated with the absolute values, i.e., systematic (syst.)
uncertainty. Per definition, a measurement is accurate if it is both true and precise [BIP08;
ISO23]. These requirements can be fulfilled by using a LARA system with adequate
measurement capabilities. Such a LARA system is part of the Inner Loop of the WGTS,
see Figure 2.4.

The suitability of the KATRIN LARA system for accurate gas composition measurements
has been demonstrated in several studies within the past 10 years, e.g. Refs. [Stu10a; Fis14;
Sch14; Zel17]. However, the final demonstration that the LARA system can achieve the
metrological performance continuously and reliably over the complete operation time of
several years, can only truly be demonstrated with the passing of KATRIN operation
time. One particular aspect of the LARA system, for which the stability over several years
had yet to be demonstrated, is the intensity calibration using a National Institute
of Standards and Technology (NIST)-certified Standard Reference Material
(SRM). Raman spectroscopy and the LARA system itself are described in greater detail in
Chapter 3 and Section 4.1, while the long-term metrological performance is demonstrated
in Chapter 5.

2.4. Beyond the current KATRIN experiment

At the time of writing, the KATRIN collaboration had published the results from the first
two neutrino mass measurement campaigns (KNM1,2) [Ake19; Ake22b]. The data analysis
of the KNM1-5 campaigns is ongoing with a release expected soon [Mer23]4. The data
taking has already progressed further, with campaign KNM11 ongoing [Rod23].

In its current configuration, the KATRIN experiment will operate through 2025 to complete
>1000 measurement days. With the full data set, the projected and readjusted sensitivity
goal is mν < 0.3 eV (90% C.L.) [Lok23]. With this sensitivity, the KATRIN result
will likely allow to distinguish between the degenerate and hierarchical ordering scenario
(see Figure 2.2 further above). After the neutrino mass measurements are finished, the
KATRIN setup will be upgraded with the TRISTAN detector for two years of data taking
in the search for keV-scale sterile neutrinos [Hou20; TRI21; Mer23; Ake23a].

Eventually, new technologies are needed to reach the scenario of potential inverted ordering
(mν ≈ 0.05 eV). One major reason for the need for new technologies are the limitations
associated with molecular tritium. These limitations, and possible solutions, are described
in the following Sections 2.4.1 and 2.4.2.

4The information in this paragraph was made publicly available through conference talks, e.g. [Rod23].
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2.4.1. Limitations associated with molecular tritium

The limitation is caused by the broadening caused by the Final States Distribution
(FSD). In the decay of molecular T2 to 3HeT+, the molecular FSD of the ground-state
rotational and vibrational manifold of the daughter molecule has a standard deviation
σFSD ≈ 0.4 eV, as shown in Figure 2.7 [Sae00; Bod15].

Even with an unprecedented 1% uncertainty on the molecular tritium FSD, a molecular
source still limits the sensitivity to about 0.1 eV [Pro22; Hey23]. A (quasi-) atomic tritium
source would avoid these limitations. It should be noted that there are other challenges
for new technologies, which are not discussed in this work. Namely, these include the
resolution of the electron spectrometer, electron energy loss and recombination of atomic
to molecular tritium in the source, and backgrounds [Rob91; Pro22].

2.4.2. Proposed atomic tritium source(s)

For the realization of atomic tritium sources, two different approaches are pursued, namely
(i) gaseous sources, and (ii) solid-state sources. In the former, the ‘Project8’ collaboration
is working towards an atomic tritium source for which the tritium atoms are magneto-
gravitationally confined within the detection vessel, in order to overcome the limitation
in energy uncertainty [Pro22]. At the KATRIN experiment and the TLK, R&D for an
atomic tritium beam commenced [Rod23; Mer23].

The latter type of source is required in a different approach to measure the neutrino
mass, which was suggested by the ‘PTOLEMY’ (Princeton Tritium Observatory for Light,
Early-Universe, Massive-Neutrino Yield) experiment [Bet13]. Rather than measuring the
effective electron neutrino mass mν via the tritium β-decay, their goal is to study the cosmic
neutrino background (CνB) via the monoenergetic signal of electrons produced by relic
neutrino capture on atomic tritium:

νe +T −→ 3He+ + e− (2.59)

Figure 2.7.: The ground-state sub-level distribution of molecular tritium compared to the
ground state of atomic tritium. Reprinted with permission from [For21]. Copyright 2021
Elsevier B.V.
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From the study of the CνB, the effective electron neutrino mass could be obtained. This
approach needs a solid state tritium target [Bet13]. Due to its excellent hydrogen storage
properties, graphene has been proposed, and selected, as the solid-state carrier mate-
rial [Bet13]. Estimates suggest that PTOLEMY can reach the required sensitivity to
assess potential inverted ordering (mν ≈ 0.05 eV) already at the early stages of the
experiment, with a target mass of mT = 10mg [Bet19b]. Early on it was estimated that,
the FSD for atomic tritium bound on graphene would improve significantly compared to
molecular tritium, using PTOLEMY’s approach; however, recent calculations show that the
localization of the initial tritium atom on the graphene sheet induces an intrinsic quantum
spread in the energy spectrum of the electron. This uncertainty is predicted to be at
least an order of magnitude larger than the energy resolution expected in the PTOLEMY
experiment [Che21; Nus22; App22]. This instrumental quantum spread could possibly be
avoided by the usage of nano-porous graphene (NPG) or carbon nanotubes [App22].

In addition to the concerns from the theoretical perspective, there are also open questions
about the feasibility of tritiated graphene. Tritium is well-known for its aggressive radio-
chemical nature, which might hinder the formation of tritiated structures, and negatively
affect their stability. In this work, this particular aspect is address by tritiating graphene
for the first time.
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The inelastic scattering of light by molecules is called the Raman effect. Predicted by A.
Smekal in 1923 [Sme23], the effect was observed for the first time by C. V. Raman and K.
S. Krishnan in 1928 [Ram28]. In contrast to infrared spectroscopy, it is also possible to
measure homonuclear molecules. This is one of the reasons why it is used for composition
monitoring in the KATRIN experiment. In addition, it allows real-time monitoring of the
gas composition without sampling.

During Raman scattering, energy is transferred between an incident photon and a probed
material / molecule. The material changes its excitation state, and a scattered photon
emerges from the process which has gained or lost energy with respect to the incident
photon. This shift in energy is characteristic of the chemical and structural properties of
the material. In the field of spectroscopy, energies are often given in wavenumbers ν̄. The
wavenumbers relate by

ν̄ =
E

hc
=
ν

c
=

1

λ
(3.1)

to the frequency ν = ω/2π or the wavelength λ. Here h is Plank’s constant and c is the
speed of light in a vacuum. When comparing experiments, the refraction index n of the
medium (typically air) needs to be taken into account

λair =
λvac
n
. (3.2)

In the classical picture, the induced polarization vector P is proportional to the electric
field experienced by the dielectric molecules in the medium

P(t) = ε0 · ¯̄χ ·E(t), (3.3)

where ε0 is the electric permittivity of free space and ¯̄χ is the electric susceptibility tensor
of the medium. On the microscopic scale, for a singular atom or molecule, this can be
simplified, and the induced dipole moment is given by

µ(T ) = ¯̄αE(t). (3.4)

Here ¯̄α is the polarizability tensor of the atom or molecule. These two equations can be
related, by adding up all N electric dipoles per unit volume in a material:

N · µ(t) = ε0 · ¯̄χ ·E(t). (3.5)
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Note that for isotropic media the susceptibility and polarizability tensors, ¯̄χ and ¯̄α, can
often be reduced to constant values, namely χ = ||P||/||E|| and α = ||µ||/||E||.

The description of the theory of the Raman effect mainly follows [Lon02; Jor11; Hak06;
Dem08; Yu10; Tel18]. Section 3.1 describes Raman scattering in molecules, starting with
Eq. 3.4, with particular emphasis on diatomic molecules and hydrogen isotopologues.
Subsequently, in Section 3.2, Raman scattering in solids is explained, with emphasis on
graphene (investigated in this work), starting with Eq. 3.3.

3.1. Theory of Raman scattering of (free) molecules

In this section, the theory of Raman scattering of molecules is presented. Unless stated
otherwise, the explanation follows Refs. [Lon02; Hak06; Dem08; Tel18]. In addition, this
topic is already discussed and summarized in great detail in Refs. [Sch09; Sch14; Fis14;
Rup16] regarding the LARA systems at TLK.

In short, the induced dipole moment µind, induced tby the external electric (laser) field
Eext = E0 · cos(ω0t), can be expressed as

µind = ¯̄α ·Eext(t). (3.6)

Here µ is the molecular dipole induced by the external electric field E⃗ = E0 · cos(ω0t). The
polarizability α̃ of an atom in a material is one of its properties. The polarizability can
be defined as the extent to which the driving field is able to disturb the electron density
of the material out of its equilibrium configuration. The components of the polarizability
tensor can be expanded into a Taylor series regarding the normal coordinates of a vibration
around the equilibrium

α = α(Q) = α0 +

N∑
q=1

[(
∂α

∂q

)
q0

· q + 1

2
·
(
∂2α

∂q∂q′

)
q0q′0

· q · q′ +O(q3)

]
(3.7)

Taking into account only the first term in the Taylor expansion and assuming a simple
harmonic motion around the equilibrium q = q0 · cos(ωqt), the induced molecular dipole
can be written as

µ(t) =

[
α0 +

(
∂α

∂q

)
q0

· q0 · cos(ωqt)

]
· E0 · cos(ω0t) (3.8)

which after cosine-wave multiplication evolves into

µ(t) = α0 ·E0 ·cos(ωot)+
1

2

(
∂α

∂q

)
q0

·q0 ·cos[(ω0−ωq)t]+
1

2

(
∂α

∂q

)
q0

·q0 ·cos[(ω0+ωq)t] (3.9)

From this equation it follows that Raman scattering is only possible if the polarizability

of the molecule changes due to the molecular excitation
(
∂α
∂q

)
q0

̸= 0. Additionally, it

shows that the molecule exhibits three linear induced dipole moments which have different
frequencies, namely a dipole moment of frequency ω0 which is associated with Rayleigh
scattering, the Stokes Raman moment of frequency ω0 − ωq, and the Anti-Stokes Raman
moment of frequency ω0 + ωq.
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3. Theory of Raman spectroscopy

3.1.1. Rotational and vibrational states in diatomic molecules

To understand the structure of the Raman spectrum obtained for the six hydrogen isotopo-
logues (T2, DT, D2, HT, HD, H2), a conceptual description of the energy levels in diatomic
molecules is introduced. In the context of a rotating diatomic molecule, the generic model
often employed is the rigid rotator. In this model, it is assumed that the two nuclei are
linked by a massless rod, fixed at the equilibrium distance RE and that the molecule rotates
around the center of mass. The quantized eigenenergy spectrum F̃ (J) is given by

F̃ (J) = Be · F · (J + 1) (3.10)

for the rotational quantum number J = 0, 1, 2, .... Here,

Be =
h

8π2c Θ
(3.11)

with the molecule specific mass-dependent moment of inertia Θ. The model of the rigid
rotator does not provide a complete description of all experimental rotational spectra. This
is because the distance vector between the nuclei, R⃗, is not a constant; it increases with
higher rotational quantum numbers J . To correct for this, a spring in place of the rod is
introduced, where the stiffness of the connection is characterized by a spring constant, k
(see Figure 3.1). This results in a correction terms in the energy spectrum

F̃ (J) = Be · J(J + 1)−De · J2 · (J + 1)2 + ..., (3.12)

where De is a stretching constant

De =
ℏ3

4πkcµ2R6
e

. (3.13)

In principle, higher-order correction terms can be added [Her63]; however, these are not
relevant to this work.

Figure 3.1.: Rotation of diatomic molecules. (a) Rigid rotor with fixed distance R between
the atoms. (b) Non-rigid rotor where the atoms can oscillate with the spring constant k (c)
Change in the energy scheme. For the non-rigid rotor, the energies are shifted to lower
values for higher rotational quantum numbers J . Details are given in the main text. Image
taken from [Sch09], based on [Hak06].
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An approximation of the harmonic oscillator model is the common approach to characterize
the vibrational states of a diatomic molecule. This approximation is based on the assumption
of a linear restoring force between the nuclei, resulting in a specific energy spectrum:

G̃(ν) = ωe

(
ν +

1

2

)
(3.14)

with the vibrational quantum number ν = 0, 1, 2, ... and the vibrational constant

ωe =

√
kµ−1

2πc
. (3.15)

The molecule-specific constant ωe contains the reduced mass µ of the molecule and a
restoring-force (spring) constant k. Similar to the description of the rotational states, here
the simple model has to be replaced by a more precise model. The harmonic oscillator
model is only valid for small values of ν and does not account for molecular dissociation
when the finite binding energy EB is reached. To introduce anharmonic oscillations, the
Morse potential can be used, which is one of the simplest, parameterized model potentials.
It is based on the molecule-specific constants EB, RE and the potential width a. This
results in a first-order correction term that changes the energy spectrum to

G̃(ν) = ωe

(
ν +

1

2

)
− ωexe

(
ν +

1

2

)2

+ ... (3.16)

with

ωe =
ω0

2πc
, ωexe =

ω2
0

16πc2EB
and ω0 = a

√
2EB

µ
. (3.17)

Rotational and vibrational motions within a molecule are not completely independent. This
means that the effect of one type of excitation on the other must be taken into account.
Since vibrational excitations are significantly more energetic than rotational excitations,
typically by two to three orders of magnitude, it is common to treat the rotational constants
as depending on the vibrational quantum number ν. This is applied to B → B(ν) and
correspondingly to D → D(ν). In the case of the Morse potential, specific formulas can be
given for B(ν) and D(ν):

B(ν) = Be −
α

2

(
ν +

1

2

)
and (3.18)

D(ν) = De − β

(
ν +

1

2

)
, (3.19)

with the molecule-specific specific correction constants α and β. This means the rotational
constants are different for each vibrational level, yielding rotational energy levels F̃ν(J).
This is reflected in the rotational line spacing for transitions between different vibrational
levels.

Finally, the coupled rotational vibrational energy levels for a diatomic molecule can
(approximately) be written as

T̃ (ν, J) = G̃(ν) + F̃ (ν, J) (3.20)

= ωe

(
ν +

1

2

)
− ωexe

(
ν +

1

2

)2

+B(ν) · J(J + 1)−D(ν) · J2(J + 1)2. (3.21)
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In terms of precision, the formula presented here offers the essential energy term values
with sufficient precision to be valid for the research conducted in this work. More details
and correction terms can be found in Ref. [Her63].

Besides describing the general process, it is essential to adhere to certain selection rules
when calculating a scattering spectrum for diatomic molecules. In the inelastic scattering
process, the spins of the exciting and scattered photons are S = 1, resulting in a rotational
selection rule of ∆J = 0,±2 for transitions between the corresponding lower state with J ′′

and upper, excited state with J ′ due to angular momentum conservation. In the context
of vibrational transitions, the selection rule of ∆ν = 0,±1 is applied. Although so-called
overtones with ∆ν = ±2,±3, etc. are theoretically possible, their transition probabilities
are often too small (as a consequence of the Franck-Condon principle) to be experimentally
observable. It also should be noted that the (anti-Stokes) transitions with ∆ν = −1,−2, ...
are not accessible when utilizing long-pass edge filters to suppress scattered laser light – as
in the experimental setup used during this work; said filters suppress most anti-Stokes lines
by a factor of 104 − 106. Taking these selection rules for Raman transitions into account,
the vibrational / rotational contributions to the transition energies ∆T̃ = (ν, J) can be
written as following:

∆G̃∆ν = G̃(ν ′)− G̃(ν ′′) [e.g., ∆G̃1 = G̃(1)− G̃(0)] (3.22)

∆F̃∆ν(O) = F̃ν′(J
′ = J ′′ − 2)− F̃ν′′(J

′′) [e.g., ∆F̃1(O) = F̃1(0)− F̃0(2)] (3.23)

∆F̃∆ν(Q) = F̃ν′(J
′ = J ′′)− F̃ν′′(J

′′) [e.g., ∆F̃1(Q) = F̃1(2)− F̃0(2)] (3.24)

∆F̃∆ν(S) = F̃ν′(J
′ = J ′′ + 2)− F̃ν′′(J

′′) [e.g., ∆F̃1(S) = F̃1(4)− F̃0(2)] (3.25)

A summary of the transition bands resulting from the selection rules and their associated
transition energies is given in Table 3.1, together with the corresponding nomenclature
scheme. A generic Raman spectrum for a diatomic molecule is depicted in Figure 3.2.

Table 3.1.: Definition of Raman branches based on selection rules in diatomic molecules.
Based on Ref. [Lon02]. The various branches are depicted in Figure 3.2.

∆ν ∆J Branch Raman shift ∆ν̃ scattering classification

-1 0,±2 O-1,Q-1,S-1 ∆G̃−1 +∆F̃−1(O,Q,S) anti-Stokes(*)

0 -2 O0 ∆F̃0(O) anti-Stokes(*)

0 0 Q0 0 Rayleigh

0 2 S0 ∆F̃0(S) Stokes

1 -2 O1 ∆G̃1 +∆F̃1(O) Stokes

1 0 Q1 ∆G̃1 +∆F̃1(Q) Stokes

1 2 S1 ∆G̃1 +∆F̃1(S) Stokes

(*) suppressed by long-pass edge-filter
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3. Theory of Raman spectroscopy

Figure 3.2.: Generic Raman spectrum of a diatomic molecule. The branches are labeled
according to Table 3.1. Details are given in the main text. Image repreinted from [Nie21b],
based on [Hak06].

3.1.2. Raman transition line strength

According to Ref. [Lon02], the intensity of light scattered by diatomic molecules is given as

I(φ, θ)ps,pi = kν̃ · ν̃4s ·Ni · Φ(φ, θ, a, γ)ps,pi · I; (3.26)

this formula is based on quantum mechanical calculations. It is only valid if the intensity
is measured in units of power [McC06]. If instead the intensity is measured in number
of photons, e.g. when using a CCD detector, the wavenumber dependency changes from
I(φ, θ)ps,pi ∝ ν̃4s to I(φ, θ)ps,pi ∝ ν̃0ν̃

3
s yielding

I(φ, θ)ps,pi = kν̃ · ν̃3s · ν̃0 ·Ni · Φ(φ, θ, a, γ)ps,pi · I. (3.27)

Additionally it is often useful to use unit wavelength instead of wavenumber; then Eq. 3.27
becomes:

I(φ, θ)ps,pi = kλ · λ−3
s · λ−1

0 ·Ni · Φ(φ, θ, a, γ)ps,pi · I. (3.28)

The constants and variables are summarized in the following list.

(φ, θ)ps,pi: The parameters ps and pi indicate the line polarization plane of the scattered
and incident light, while φ and θ describe the direction of the scattered beam relative
to the scattering plane (see Figure 3.3).

kλ, kν̃ : Constants, where kλ is given as

kλ =
π2

ϵ20
≈ 1.259 · 1023m2F−2 (3.29)

with ϵ0 being the permittivity of vacuum.

λ0, ν̃0: The wavelength/wavenumber of the incident light.

λs, ν̃s: The wavelength/wavenumber of Raman scattered light with

ν̃s = ν̃0 −∆ν̃i (3.30)

∆ν̃i denotes the Raman shift corresponding to a certain molecular state i.
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Ni: The population factor, which is given as

Ni(Ei) = N ·
gi exp

(
− Ei

kbT

)
Z

(3.31)

and represents the number of molecules in the initial state in thermodynamic equi-
librium and is defined by a Boltzmann distribution. Here N is the total number of
molecules irradiated, gi is the statistical weight of the initial state, kb is the Boltzmann
constant, T is the temperature of the sample, Ei is the energy of the initial state and
Z is the molecular partition function

Z =
∑
j

gj exp

(
− Ej

kbT

)
. (3.32)

The statistical weight consists of a rotational and a vibrational part, namely

gi = gJ ′′ · gν . (3.33)

For diatomic molecules, the vibrational states are non-degenerate, and therefore
gν = 1, while the statistical weight gJ ′′ depends on the rotational quantum number
J ′′ and the nuclear spin degeneracy gN :

gJ ′′ = gN · (2J ′′ + 1). (3.34)

At this point, a distinction between heteronuclear (e.g. HT,DT,DT) and homonuclear
(e.g. T2, D2, H2) molecules has to be made. For heteronuclear molecules gN = 1. In
the case of homonuclear molecules gN is J ′′-depended and different for molecules
with two fermionic nuclei ( T2, H2) or two bosonic nuclei (D2). The values are

T2, H2 : gN = 1, 3 for J ′′ = even, odd, (3.35)

D2 : gN = 6, 3 for J ′′ = even, odd. (3.36)

Figure 3.3.: Scattering angles for Raman emission relative to the polarization plane. Details
are given in the main text. Reprinted with permission from [Sch14]. Copyright 2014
Springer International Publishing Switzerland.
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Φ(φ, θ, a, γ)ps,pi: The line strength functions, which depend on the experiment’s geometry
and light polarization. The tensor invariants, the mean polarizability a and the
polarizability anisotropy γ, are specific for each isotopologue and its molecular
transitions. The four line strength functions are [Lon02]

Φ(φ, θ, a, γ)⊥s,⊥i = a2 cos(φ)2 + b(2)
γ2

45

(
4− sin(φ)2

)
, (3.37)

Φ(φ, θ, a, γ)⊥s,∥i = a2 sin(φ)2 + b(2)
γ2

45

(
3 + sin(φ)2

)
, (3.38)

Φ(φ, θ, a, γ)∥s,∥i = a2 cos(φ)2 cos(θ)2 + b(2)
γ2

45

(
3 + cos(θ)2 cos(φ)2

)
, (3.39)

Φ(φ, θ, a, γ)∥s,⊥i = a2 cos(θ)2 sin(φ)2 + b(2)
γ2

45

(
3 + cos(θ)2 sin(φ)2

)
. (3.40)

The factor b(2) is the so-called Placzek-Teller factor and is given as

b(2) =
J(J + 1)

(2J − 1)(2J + 3)
(3.41)

for the rotational quantum number J .

I: The irradiance of the incident light. It cancels out during further calculations and has
no significance, other than magnifying the Raman signal amplitude. However, for
very high irradiance values, non-linear effects may not be negligible.

3.1.3. Quantitative Raman spectroscopy of hydrogen isotopologues

In the previous sections the theoretical structure of Raman spectra for diatomic molecules
was explained. This section shifts the focus to experimental aspects, delving into how
Raman spectroscopy is employed in the KATRIN experiment, to accurately extract quanti-
tative information on tritium gas mixtures’ composition from measured Raman spectra.
Throughout the KATRIN measurement runs, the KATRIN LARA system operates au-
tonomously with real-time data analysis, to supply data for neutrino mass analysis and
provide feedback to Inner Loop operators. This section summarizes the quantitative
evaluation of Raman spectra in the KATRIN experiment and the current status.

Due to the substantial mass differences between the hydrogen isotopes H, D, and T (mass
ratio 1:2:3), the Q1-branches of the isotopologues do not overlap, making them promising
candidates for quantitative analysis, see Figure 3.4. With 532 nm laser irradiation, these
branches are situated between 612 nm (T2) and 683 nm (H2), falling within a visible spec-
trum range of optical spectrometers and detectors, with sufficient resolution and sensitivity.
Additional advantages of the Q1-branches over other Raman branches are detailed in
Refs. [Sch09; Sch14; Fis14]. The optical spectrometer used in the KATRIN LARA system
permits the recording of all Q1-branches within a single spectrum acquisition, although it
may not fully resolve the rotational substructure of individual branches. Consequently, the
integrals over complete Q1-branches serve as the basis for quantitative Raman spectrum
analysis.

Taylor et al. [Tay01] initiated the development of the KATRIN LARA system, later
extended by Lewis [Lew08]. This system was first tested under KATRIN-like conditions in
2010 during the LOOPINO experiment [Fis11]. The test demonstrated a relative precision
of 0.1% within 250 s acquisition time, which was later improved to 60 s [Sch14]. During the
first KATRIN tritium campaigns [Ake20a] it met all operational and stability requirements
[Ake20b]. Rupp et al. [Rup16; Sim15] carried out further studies to enhance detection
limits and reduce measurement time using a capillary Raman system.
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Figure 3.4.: Q1-branches of the hydrogen isotopologues and a high-resolution spectrum of
the Q1-lines of T2. Details are given in the main text. Reprinted with permission from
[Sch14]. Copyright 2014 Springer International Publishing Switzerland.

In summary, Raman spectroscopy has become a valuable tool for monitoring gas composi-
tion in KATRIN, with further potential applications and improvements. A basic LARA
system comprises an excitation laser source, sample cell, collection optics, spectrometer,
and detector. For monitoring hydrogen isotopologues, the focus is on Q1-branches with no
change in rotational quantum number J (J” = J’). This choice offers several advantages:
clear separation between isotopologues, minimal interference from background spectral
features, and suitability for real-time gas sampling. A typical spectrum of Q1-branches
for all six hydrogen isotopologues is shown in Figure 3.4. Although overlaps exist, they
can be corrected for composition monitoring [Stu10a; Ake20b]. This correction of spectral
features overlapping with the Q1-branches is presented in Section 4.1.3. In general, Sec-
tion 4.1 discusses the detection setup and Section 4.1.4 the calibration for molar fraction
determination.

3.2. Theory of Raman scattering in graphene

In this section, the Raman scattering in graphene is described. The detailed theoretical
analysis for diatomic molecules that was given in Section 3.1 is necessary for the quantitative
Raman spectroscopy, needed for the KATRIN experiment. In contrast, at this stage,
the graphene samples are only analyzed qualitatively to develop an understanding of
the graphene-tritium interaction. Similarly, this section only covers the classical and
empirical description of Raman spectroscopy of graphene that is necessary for the qualitative
analysis, following mainly Refs. [Jor11; Top18]. The quantum mechanical interpretation
and derivation can be found in e.g. Refs. [Jor11; Yu10; Kit18].

3.2.1. Basics of Raman spectroscopy in solids

In analogue fashion to the derivation of Raman scattering for diatomic molecules (Sec-
tion 3.1), Raman scattering for solids is derived here. The main difference is that instead
of the induced dipole moment µ, the electric susceptibility χ of the material is considered.
In the basic application, χ is defined by

P = ε0χE (3.42)

where P is the induced polarization density, ϵ0 is the electric permittivity of free space and
E is the electric field. Note that – as pointed out in the introduction to this chapter – in
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materials where the susceptibility is anisotropic (i.e., depending on direction), the global
susceptibility value χ needs to be replaced by the susceptibility tensor, ¯̄χ.

In the presence of an electromagnetic field

E(r, t) = Ei(ki, ωi) cos(ki · r− ωit) (3.43)

the polarization
P(r, t) = P(ki, ωi) cos(ki · r− ωit) (3.44)

is induced. The wavevector and frequency are the same as those of the incident ration,
while the amplitude is given by

P(ki, ωi) = χ(ki, ωi)Ei(ki, ωi). (3.45)

The atomic vibrations in a solid can be quantized into overarching phonons, see e.g. Refs. [Yu10;
Kit18]. The atomic displacements Q(r, t) by the phonons traveling through the material
can be expressed as plane waves:

Q(r, t) = Q(q, ω0) cos(q · r− ω0t) (3.46)

with frequency ω0 and wavevector q. The atomic vibrations affect χ. Assuming, similar
to Section 3.1, that the amplitudes of the vibrations are small compared to the lattice
constant, χ can be written as a Taylor series in Q(r, t):

χ(ki, ωi,Q) = χ0(ki, ωi) +

(
∂χ

∂Q

)
0

Q(r, t) + ... (3.47)

with χ0 defined as the electric susceptibility of the medium with not fluctuations. Using
the Taylor expansion, the polarization can be written as:

P(r, t,Q) =
in phase with incident radiation

χ0(ki, ωi)Ei(ki, ωi) cos(ki · r− ωit)︸ ︷︷ ︸
P0(r,t)

(3.48)

+

induced by the phonon(
∂χ

∂Q

)
0

Q(r, t)Ei(ki, ωi) cos(ki · r− ωit)︸ ︷︷ ︸
Pind(r,t,Q)

Finally, by substituting Q(r, t) from Eq. 3.46, the induced polarization wave Pind(r, t,Q)
can be written as

Pind(r, t,Q) =

(
∂χ

∂Q

)
0

Q(q, ω0) cos(q · r− ω0t)×Ei(ki, ωi) cos(ki · r− ωit) (3.49)

=
1

2

(
∂χ

∂Q

)
0

Q(q, ω0)Ei(ki, ωi) (3.50)

× {cos [(ki + q · r)− (ωi + ω0)t] + cos [(ki − q · r)− (ωi − ω0)t]}.

Here, similar to Eq. 3.9, two different parts can be identified: The Stokes-shifted part
with wavevector kS = (ki − q) and frequency ωS = ωi − ω0 and the anti-Stokes part with
wavevector kAS = (ki+q) and frequency ωAS = ωi+ω0. Again, similar to the measurement
of diatomic molecules, in this work only the Stokes Raman process is relevant, since it is
the dominant process at room temperature without additional excitations of the sample.
Also, the related spectral features would be suppressed by the long-pass edge-filter utilized
in these experiments, see Chapter 4.
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Allowing for n phonons with wavevectors q1, ...,qn to take part in the Raman process, the
energy and momentum conservation laws can be written as

ωi = ωS +

n∑
i=1

ωqi and ki = kS +

n∑
i=1

qi. (3.51)

The final state contains one photon with wavevector kS, energy εS = ℏωS and frequency
ωS. From this derivation, the qualitative Raman spectra in graphene can be described and
understood. Using a quantum mechanical approach, the equations for the width, position,
and intensity of the Raman peaks can be derived in principle, (see e.g. Refs. [Fer13; Ven11;
Yu10]). However, for the quantitative studies in this work, these exact calculations are not
needed.

3.2.2. Electronic properties of graphene

Graphene was first produced in 2004 by Novoselov and Geim [Nov04]. In 2010, they
were awarded the Nobel Prize in Physics ‘for groundbreaking experiments regarding the
two-dimensional material graphene’1. Graphene consists of a single layer of carbon atoms.
The carbon atoms are arranged in a two-dimensional, hexagonal honeycomb structure, as
shown in Figure 3.5a. In the crystalline phase, the electronic configuration of carbon is
1s2, 2s2, 2p2. In the pristine graphene lattice, these orbitals are hybridized to sp2. The
sp2 orbitals form σ-bonds with each other, see Figure 3.5b. Each carbon atom also has a
p-orbital projecting into the vertical plane, which is formed by the fourth valence electron.
The p-orbitals form the weaker π-bonds with each other, see Figure 3.5c. However, in the
presence of defects - e.g. edges, vacancies, or adsorbents - the hybridization changes to sp3.

In the reciprocal space (e.g. Ref. [Kit18]), the unit cell can be described by two basis vectors,
a1 and a2. Starting from these basis vectors and using the tight binding approximation
[Sai98; Bet04], it can be shown that the electronic band structure can be described using
the equation

E±
g2D(k) =

ϵ2p ± γ0ω(k)

1∓ sω(k)
. (3.52)

Here, Eg2D is the 2D energy dispersion of graphite, ϵ2p is the site energy of the 2p orbital,
γ0 ≈ 2.8 eV is the nearest neighbor hopping energy, and s the tight-binding overlap integral.
E± correspond to the valence (π) and conduction (π∗) energy bands. The function ω(k) is
given by

ω(k) =

√√√√1 + 4 cos

(√
3kxa0
2

)
cos

(
kya0
2

)
+ 4 cos2

(
kya0
2

)
. (3.53)

In Eq 3.53, kx, ky represent the in-plane components of the wave vector k, a0 = 1.42 Å
is the lattice constant. The π∗- and π-bands touch at the six corners of the hexagonal
first Brillouin zone, known as the K-and K’-points (Figure 3.5d). These are called Dirac
points. These Dirac points are crucial to the electronic transport in graphene, serving a
role analogous to that of Γ-points in direct band-gap semiconductors. Close to the Dirac
points the dispersion relation for graphene is linear, and the Fermi energy is given by

EF = ℏvFkF = ℏvF
√
πng,2D. (3.54)

The carrier concentration is denoted as ng,2D and vF ≈ 1× 106ms−1 is the Fermi velocity.
The linear dispersion relation implies that charge carriers in graphene behave like massless
Dirac fermions. The electron band structure is shown in Figure 3.5e.

1The Nobel Prize in Physics 2010. NobelPrize.org. Nobel Prize Outreach AB 2023. Mon. 6 Nov 2023.
https://www.nobelprize.org/prizes/physics/2010/summary/
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(a) (b) (c)

(d) (e)

Figure 3.5.: Electronic band structure of graphene. Illustrations of: (a) The graphene
lattice. The shaded region indicates a unit cell spanned by the vectors a⃗1 and a⃗2. (b) The
sp2 hybridized orbitals of carbon atoms between nearest neighbors. (c) The orbitals of
the remaining electrons forming π bonds. (d) First Brillouin zone corresponding to the
unit cell with high symmetry points Γ,K,K ′ and M . (e) Left: The resulting electronic
band structure. The valence band (π) is shown in blue and the conduction band (π∗) in
red. The linear dispersion relation at the Dirac points (K,K ′) is shown in the inset. Right:
Cut of the 3D view along the high symmetry points. Reprinted (a,d,e) with permission
from [Neu18]. Copyright 2018 Springer International Publishing AG. Images (b,c) adapted
from [Das14].

3.2.3. Phonon modes in graphene

A crystal with N ≥ 2 different atoms in the primitive cell exhibits three acoustic modes:
one longitudinal (LA) and two transverse acoustic (TA) modes. The number of optical
modes is given by 3N −3 [Kit18]. For graphene with N = 2 different atoms in the primitive
cell (Figure 3.5a), there are three optical modes (iLO, iTO, oTO), one longitudinal acoustic
mode (iLA) and two transverse acoustic modes (iTA, oTA). Here, i and o denote in-plane
and out-of-plane phonons. The phonon dispersion is shown in Figure 3.6. Due to the
crystallographic symmetry and the resulting selection rules, only the iLO and iTO phonon
branches are Raman active [Fer13]. For first-order Raman processes within a defect-free
graphene lattice only phonons at the center of the first Brillouin zone, i.e. at the Γ-point,
can contribute. At the Γ-point, tthe iLO and iTO modes are degenerate. In real space,
these phonons correspond to vibrations of the two sublattices against each other. The
phonon at the K-point corresponds to the radial breathing motion of the lattice hexagon.
While not directly Raman active, this phonon plays a crucial role for the D and 2D Raman
peaks of graphene.
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Figure 3.6.: The phonon dispersion of graphene and illustrations of phonon modes. (a) The
phonon dispersion is obtained from DFT-GW (density functional theory supplemented by
GW) calculations by Venezuela et al. [Ven11]. The phonon modes most relevant to Raman
spectroscopy of graphene at the Γ- and K-points are highlighted. (b,c) Degenerate phonon
modes iTO and iLO at the Γ-point that contribute to the G-peak in the Raman spectrum.
(d) Breathing mode (iTO) at the K-point that contributes to the 2D-peak in the Raman
spectrum. Reprinted figure (a) with permission from [Neu18]. Copyright 2018 Springer
International Publishing AG. Reprinted figure (b) with permission from [Ven11]. Copyright
2011 by the American Physical Society.

3.2.4. Raman spectroscopy of graphene

In the case of defect-free graphene, the sum of the wavevectors of the phonons must be
zero:

n∑
i=1

qi = 0. (3.55)

Note that the wavevectors of the photons are negligible and do not need to be considered
in the momentum conservation law. If defects are present in the sample, the sum of the
wave vectors can be different from zero due to electronic scattering at defects. The most
prominent Raman processes in graphene involve at maximum two phonons, and only these
are described in the following. The corresponding peaks in the Raman spectrum are shown
in Figure 3.7.

G-peak: related to one-phonon processes without defects. When only one phonon is involved,
it follows from the conservation of momentum (Eq. 3.55) that the phonon momentum
has to be equal to zero. Therefore, the phonon must be from the Brillouin zone center
(Γ-point). As evidenced in Figure 3.6, the frequencies of acoustic phonons vanish at the
Γ-point. From horizontal mirror symmetry, the out-of-plane phonon (oTO) is forbidden.
Therefore, for the one-phonon processes the two degenerate, optical in-plane phonons at
the Γ-point, iLO and iTO, contribute. Due to the rotation symmetry, they possess the
same energy and lead to the same Raman shift. If the rotation-symmetry is broken, e.g. by
strain in the graphene layer, the degeneracy is broken and the corresponding Raman peak
splits. The Raman peak corresponding to these two one-phonon processes is the so-called
G-peak, located at around 1580 cm−1 in the Raman spectra of graphene.
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3. Theory of Raman spectroscopy

The process giving rise to the G-peak can be described in three steps:

1. A photon with energy εin is absorbed by graphene and creates an electron/hole pair.
The electron in the π-band is resonantly excited to the π∗-band.

2. The electron loses energy to a phonon of wave vector q = 0 and transits into a virtual
state in the π∗-band.

3. The electron recombines with the hole and emits a photon of lower energy εout.

2D-peak: related to two-phonon processes without defects. When two phonons are involved,
it follows from Eq. 3.55 that q1 = −q2 ≡ q, i.e., the wave vectors of the phonons need
to be oriented in opposite directions. There are no further constrains on q and it can
correspond to any point in the Brillouin zone. As a consequence, the two-phonon peaks
are broader than the G-peak since a continuum of phonon frequencies contributes to
them. The most prominent two-phonon peak is the 2D-peak at around 2700 cm−1 with
dominant contributions from two phonons of the TO-branch, with q near the K-point.
Other two-phonon processes give rise to the 2D’peak (at ∼ 3200 cm−1) and the D+D′′-peak
(at ∼ 2450 cm−1). The process giving rise to 2D-peak can be described in four steps:

1. A photon with the energy εin is absorbed by graphene and creates an electron/hole
pair. The electron in the π-band is resonantly excited to the π∗-band.

2. The electron loses energy to a phonon and transits into a virtual state in the π∗-band.

3. The hole loses energy to a phonon and transits into a virtual state in the π-band.

4. The electron recombines with the hole and emits a photon of lower energy εout.

Figure 3.7.: Raman spectra and processes in defect-free and defective graphene. (a) Raman
spectra with annotated peaks, Top: defect-free, bottom: defective. (b) Main corresponding
Raman processes: The excitation of electrons by the incident photon is represented by
green arrows, the relaxation with the emission of the scattered photon is shown with red
arrows. The solid black arrows represent emitted phonons and dashed black arrows phonon
scattering on defects. Reprinted figure (a) with permission from [Neu18]. Copyright 2018
Springer International Publishing AG. Figure (b) adapted with permission from [Fer13].
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D-peak: related to one-phonon processes with defects. The presence of defects allows
phonons away from the Γ-point to contribute to the one-phonon Raman process. The
momentum of the phonon can be compensated for by electron-defect scattering. The
most prominent peak in this category is the D-peak that is mostly due to a TO-phonon
near the K-point and is located around 1350 cm−1 in the Raman spectra of defective
graphene. Another peak in this category is the D’-peak (at ∼ 1600 cm−1); the D’-peak can
be related to the nature of the defects in graphene, but is often overlapped by the G-peak
in low-spectral resolution Raman spectroscopy [Eck12]. This is also the case in this work.
The detailed interpretation of the D’-peak is given in Section 3.3.

Two-phonon precesses with defects There are also two-phonon Raman processes, which
are only possible in the presence of defects. The two phonons do not have to adhere to
q1 = −q2 and thus stem from different points in the Brillouin zone. The most prominent
peak in this category is the D+D’-peak (at ∼ 2950 cm−1).

3.2.5. Raman spectroscopy of defective graphene

Raman spectroscopy is a valuable tool to study defective graphene [Fer13; Eck13]. Defective
graphene includes e.g. strain, doping, edges and defects. However, for this work only edges
and defects are relevant.

Edges The first type of defect in graphene, discussed in this section, are edges [Cas09].
Edges can be viewed as extended defects, breaking the translational symmetry and thus
leading to the appearance of the D- and D’-peaks. Edges are important to consider in
order to understand the Raman spectra from the samples [Gra23a] used in this work. Even
though the graphene layer covers the whole 1 cm2 substrate, the layer is not monolithic,
but instead consists of graphene ‘flakes’ with a maximum size of about 20 μm[Gra23a].
When the samples are scanned with the CRM set up and characterized in this work (see
Section 4.2 and Chapter 6), it can be assumed that always some flake borders are within
within the region illuminated by the laser spot. Therefore, the Raman spectra studied in
this work will always have a small D-peak (ID/IG<0.1) visible, as seen in the data from
the manufacturer Figure 3.8.

Defects: In this section, there is no distinction made between sp3-type and vacancy-type
defects. The general characteristic changes in the Raman spectrum of graphene and the
description of the defect density covers both defect-types. In Section 3.3 the differences
between these defect types are discussed, in particular with respect to hydrogen adsorption.

(a) SEM image (b) Raman spectrum

Figure 3.8.: Graphene flakes and edges of graphene samples from Graphenea. Reprinted
figures with permission from Graphenea [Gra23a].
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A precise determination of the defect density can be obtained by analyzing the intensity
ratio of the D-and G-peaks, (ID/IG), for a given excitation energy of the laser [Can11;
Luc10]. The respective Raman spectra and the empirical data for different laser energies
are shown in Figure 3.9. Based on the work in Ref. [Tui70], the defect density in graphene
is usually described by the average distance between two lattice defects, LD, usually given
in units of [LD] = nm. Using controlled Ar+-bombardment, an analytic relation between
ID/IG and LD was developed [Can11]:

ID
IG

= CA
r2A − r2S
r2A − 2r2S

(
exp(−πr2S/L2

D)− exp(−π(r2A − r2S)/L
2
D)
)

(3.56)

Here, rS is the radius of the structurally defective area caused by the impact of an ion; rA
corresponds to the activated region where the D-peak scattering occurs, even though the
area is intact [Luc10]. The parameter CA is a scaling factor for the activated region. In this
representation, CA corresponds to the maximum possible ID/IG. This maximum would be
reached in the ideal case where the D-peak is activated throughout the sample, with no
disruption of the hexagonal carbon rings. As shown in the inset in Figure 3.9, CA strongly
depends on the laser energy EL with CA ∝ E−4

L . Using the values found by Cancado
et al. [Can11], and converting the laser energy EL to laser wavelength λL, Eq. 3.56 can be
simplified to

L2
D · (nm2) = (1.8± 0.5)× 10−9 · λ4L ·

(
ID
IG

)−1

(3.57)

and using nD · (cm−2) = 1014/(πL2
D) the defect density is given by

n2D · (cm−2) = (1.8± 0.5)× 1022 · 1

λ4L
·
(
ID
IG
.

)
(3.58)

These equations hold true for LD > 10 nm (Stage 1 of graphene defects) and for all defects
that contribute to the D-peak signal.

(a) (b)

Figure 3.9.: Defect density in graphene in relation to the D/G-peak ratio. (a) Raman
spectra for different defect densities, and (b) D/G-peak ratio over defect density for different
laser energies. Details can be found within the main text. Reprinted with permission from
[Can11]. Copyright 2011 American Chemical Society.
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3.2.6. Raman spectroscopy of multi-layer graphene

Raman spectroscopy can also be used to determine the number of layers in multi-layer
graphene. In the context of thickness analysis, the usual monolayer graphene is referred to
as Single-layer graphene (SLG) and graphene with two layers as Bilayer graphene
(BLG).

The 2D-peak is a robust indicator of the number of carbon layers in graphene, due to its
close relationship with the number of electronic bands and the precise band structure. For
instance, single-layer graphene is typically characterized by a single Lorentzian model for
its 2D-peak. In contrast, bilayer graphene exhibits the influence of an expanded number
of electronic bands, resulting in the presence of four individual Lorentzian components
within its 2D-peak profile. This phenomenon directly emerges from the increased electronic
bands and the associated Raman processes (see Figure 3.10). Depending on the spectral
resolution of the Raman system, used for analysis, this change may only be hinted at by
broadening of the 2D-peak profile envelope. However, even with a low-spectral resolution
Raman system, the line position shift is significant (about 15-30 cm−1 depending on the
laser wavelength).

This common description is only valid for a specific stacking of bilayer graphene (so-called
Bernal) or AB stacking; see Figure 3.10b) [Pon08; Pon09; Mal09]. In misoriented bilayer
graphene the characteristics of a Bernal bilayer are completely lost, and the 2D-line shape
is more typical of monolayer graphene with no broadening, as shown in Figure 3.10c. In
addition, in the misoriented bilayer, the line position shift is only about 9 cm−1.

In Section 6.8 multi-layer graphene samples from Graphenea2 are characterized with the
CRM. In addition, it is studied if in SLG overlapping regions can be identified.

(a) (b) (c)

Figure 3.10.: Differences in the 2D-peak shape for single- and multi-layer graphene. (a)
Relevant Raman processes in SLG and BLG; (b) Structure of Bernal (AB) stacking; and
(c) Typical Raman spectra of SLG, misoriented BLG and Bernal stacked BLG. Figure
(a) based on [Top18]. Reprinted figure (b) with permission from [Yan11]. Copyright 2011
by the American Physical Society. Reprinted figure (c) with permission from [Pon08].
Copyright 2008 by the American Physical Society.

2Graphenea Inc., San Sebastián, Spain
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3.3. Characteristic changes for hydrogenated graphene

Hydrogenation (Tritiation) of graphene is defined as the adsorption of atomic hydrogen, H
(tritium, T) on the graphene surface by formation of covalent bonds between the H (T)
atom and one carbon (C) atom of graphene. Fully hydrogenated graphene is also referred
to as ‘graphane’. Although a range of possible configurations for graphene exist (including
chair, boat, armchair, stirrup, ...[Sah15]), the differences will not be discussed here any
further. This is because the measurement equipment at present does not allow to identify
them. Specifically, the CRM (Section 4.2 and Chapter 6) used in this work does neither
possess sufficient spectral nor the spatial resolution to distinguish the different graphane
configurations.

In principle, there are a range of basic analysis methods which may be used to characterize
the hydrogenation of graphene; in this work two methods are used, namely electronic
(resistance) measurements and Raman analysis.

Electronic measurements: By hydrogenation, the electron, and phonon dispersion of
graphene change significantly. The changes depend on the amount of hydrogenation and
on the graphane configuration. As a consequence of the hydrogen-carbon bonds, the π
electrons are no longer available as charge carriers, which leads to an increase in the
electrical sheet resistance with increasing hydrogenation levels, see e.g. Refs. [Gui14; Son16].
This measurement methodology was used for in-situ monitoring of the tritiation progress,
as discussed in Chapter 7.

Raman analysis: A consequence of the hydrogenation is hybridization of the corresponding
carbon atom from sp2- to sp3-configuration. This change of hybridization is associated
with a local deformation of the graphene layer. As a direct consequence of this symmetry
breaking, the D-peak Raman processes are possible and the 2D-peak Raman processes are
less likely.

Figure 3.11.: Raman parameters of graphene with different hydrogenation levels. (a) Raman
spectra for increasing hydrogenation levels, (b) D/G-peak ratio and D/D’-peak ratio as a
function of hydrogen coverage, (c) Raman spectra of hydrogenated and heated graphene,
demonstrating the reversible hydrogenation. Images adapted from [Son16].
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According to Figure 3.9 an increasing defect density leads to an increase of the D-peak
intensity and the D/G-peak ratio in the low defect density regime (LD > 10 nm). To
a certain degree, hydrogenation may be interpreted as a ‘defect’, and the degree of
hydrogenation coverage therefore affects the defect density. However, the D/G-peak
ratio is not sensitive to the type of defect, and during the tritiation experiments it proved
to be difficult to ascertain whether the sample was tritiated, or if other defects were induced
during tritium exposure.

In typical hydrogen loading experiments with commercially available atomic hydrogen
sources, the hydrogenation can be performed without creating vacancy-type defects when
the source intensity and energy are set appropriately [Cha22]. In principle, this could also
be achieved with an atomic tritium source, but at the time of writing, no such source
did exist. The development of an atomic tritium source is the goal of e.g. the ‘Project8’
collaboration [Mon15].

Instead, in this work, the self-radiolysis of tritium is taken advantage of to produce the
needed tritium atoms. This is described in more detail in Section 7.2. The properties of the
ions, atoms, and electrons created in the β-decay of tritium cannot be controlled directly.
Therefore, it cannot be excluded or avoided that vacancy-type defects are created.

In principle, Raman spectroscopy can be used to distinguish vacancy- and sp3-type defects
[Eck12]. However, as will be shown in Chapter 6, the spectral resolution of the CRM used
in this work was insufficient to resolve the D’-peak. Therefore, mainly the intensity of the
D-, G- and 2D-peaks and the intensity ratio D/G are used to characterize the defects after
tritium exposure. In addition, the width of the 2D-peak is used as an indicator for graphene
layers with high symmetry, since the width can broaden significantly in highly damaged
graphene [Che13]. Finally, it should be noted that – as shown in Figure 3.11 – hydrogenation
of graphene was shown to be largely reversible by heating (see e.g. Ref. [Son16]). The same
is expected for tritiation.
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In this chapter, the two different Raman systems used in this work are described. In
Section 4.1 the LARA system, which was developed for source monitoring in the KATRIN
experiment, is covered. This LARA system was developed during the period 2010 – 2020
at the TLK [Stu10a; Fis11; Jam13; Sch14; Fis14] and was already described in great
detail [Ake20b]. Therefore, here in this work only the most important characteristics
regarding the results presented in Chapter 5 are given: a brief overview and the working
principle (Section 4.1.1), the optical setup and components (Section 4.1.2), the data
flow within the KATRIN framework (Section 4.1.3) and, lastly, a short summary of the
calibration procedure using spectral sensitivity measurements and theoretical calculations
(Section 4.1.4).

In contrast to the LARA system, the CRM [Dia22] was constructed and commissioned
within the framework of this thesis research, using the experience of the KATRIN LARA
group. In particular, the setup and alignment of the CRM were performed together with
Deseada Diaz Barrero from the Universidad Autónoma de Madrid (UAM). Thus,
the CRM is presented and discussed in detail. First, the general principle, the optical
components, and the experimental setup are presented in Section 4.2.1. Second, the software
requirements and implementations necessary for the operation of the CRM are described
in Section 4.3. Finally, in Section 4.4 the data structure obtained from the CRM and the
data analysis are explained.

4.1. The KATRIN Laser Raman (LARA) system

4.1.1. Overview and working principle

The KATRIN - its conceptual setup is shown in Figure 4.1 - LARA system is divided
into two main sections. These sections are separated by black anodized aluminum walls to
prevent light leaking from one segment to another. There are openings in the walls where
laser or Raman light needs to pass. Furthermore, the whole setup in enclosed in black
anodized aluminum for safety reasons.

Segment A The laser light is directed to the sample cell via two mirrors and focused into
the sample cell by a focusing lens. There are several components installed in the beam
path to clean and rotate the polarization of the laser light. Additionally, the laser
power is monitored; for this, there is a second compartment located after the sample
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cell, which is also considered as part of Segment A. In this second compartment a
mirror is installed, which back-reflects the laser beam into the sample cell – enabling
the so-called double-pass operation mode.

Segment B The second segment is the light collection arm, where the Raman light from
the laser excitation region in the sample cell is collected by a fiber bundle, carrying
the Raman light to the spectrometer and CCD.

Additionally, there is the sample cell itself. The sample cell is part of the Inner Loop of the
WGTS (see Section 2.2.1) and the source gas passes through the cell before injection into
the WGTS. For intensity calibration and beam alignment, the sample cell can be replaced
by a calibration cell (Figure 4.2).

4.1.2. Components and optical setup

Segment A - Excitation laser

Laser The laser is a diode pumped solid state (DPSS), continuous wave (cw) laser with a
maximal output power of 5W, at the nominal output wavelength of 532 nm. Although
the laser itself is located in Segment B, there is no visible laser light in Segment B:
the opening of the laser sits flush with a laser shutter system, which again is flush
against the wall between the segments. Here the laser light enters Segment A.

Mirrors (M1 and M2) The two mirrors are used to guide and align the laser beam.

Optical isolator (OI) An optical isolator consists of two polarizers and a Faraday rotator.
The polarization of the laser beam is rotated twice by 45◦ as it passes through

Figure 4.1.: Experimental setup of the KATRIN LARA system. The setup is be divided
into Segment A (Laser beam guidance) and Segment B (Raman light collection). Relevant
elements are annotated; further details are given in the main text. Image adapted from
[Fis14].
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the Faraday rotator in the forward and backward directions. As a result, the first
polarizer blocks the return beam. In this setup, the blocked beam is not absorbed
internally by the polarizer but is deflected sideways to be dumped. This dumped
beam is conveniently used for external power monitoring with the LM-10.

Thermopile power meter (LM-10) The reflected laser beam enters a thermopile power
meter (LM-10) which absorbs the beam and measures the beam intensity and position.

Half-Wave-plate (λ/2) The polarization of the laser beam is rotated by a fixed angle.
This is useful in two different measurement scenarios: (i) In standard operation the
λ/2-plate is set to a fixed position, which changes the laser light polarization from
horizontal to vertical, (ii) For the intensity calibration, the spectrum of the standard
reference material (SRM) needs to be measured at ±45◦ relative to the position set
in standard operation.

Focusing lens L1 The laser beam is focused by an anti-reflection (AR) coated lens of focal
length f = 150mm into the sample cell, generating an elongated, near-cylindrical
interaction volume of about 6mm in length and a beam waist of ≈ 100 μm.

Focusing lens L2 This lens is identical to L1. The divergent laser beam is collimated to
be reflected by mirror M3 for double-pass operation.

Mirror M3 Reflects the laser beam, which is then focused into the sample cell by L2 for
double-pass operation.

Segment B - Raman light collection

Pickup lenses (L3 and L4) Raman light from the elongated excitation volume is focused
onto the fiber by a pair of achromatic lenses.

Polarizer The polarization angle is set to match the setting of the λ/2-plate in standard
operation mode for an improved Raman signal. It is inserted in between lenses L3/L4.

Fiber The light passing through the polarizer is collected by an optical fiber bundle. The
fiber bundle is custom-fabricated and consists of 48 individual fibers of core diameter
100 μm. The individual fibers are arranged in a line (’slit‘-configuration) at both ends
to match the laser beam profile.

Figure 4.2.: Top view into the glove box appendix, with the LARA cell installed. The laser
beam path and the Raman scattered light are indicated. For intensity calibration, the
Raman cell can be exchanged with a calibration cell incorporating the SRM 2242 standard.
Image adapted from [Fis14; Ake20b].
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Spectrometer and charge-coupled device sensor (CCD) For the spectral analysis, a HTS-
type spectrometer with large-NA achromatic lens-multiplets (PI Acton) - in combina-
tion with a Pixis-2k CCD-array detector (Princeton Instruments) is used.

4.1.3. Description of data analysis and database connection

Similar to the hardware setup the data analysis routine was developed at TLK by Sebastian
Fischer, Timothy James and Magnus Schlösser [Jam13; Sch14; Fis14; Sch15a]. The data
stream within TLK was later developed and finalized by Sebastian Fischer. The system
control, recording of operating parameters, Raman spectrum acquisition, and real-time
data treatment and analysis are under the control of an integrated, dedicated LabVIEW
program, LARAsoft. LARASoft is the successor to SpecTools [Jam13] and was developed
and commissioned by Timothy James, Florian Kassel and Sebastian Fischer [Fis14; Kas13].
Since then, the data analysis routing has been extended by incorporating the ability to
deconvolve overlapping spectral lines features [Ake20b].

The concept of the data analysis routine is shown in Figure 4.3. First, the 2D readout
of the CCD detector is first cleaned and corrected in several steps. These include (i)
region of interest selection, (ii) cosmic ray removal, (iii) astigmatism correction and (iv)
intensity calibration. Next, the bins of the 2D data set are summed up to generate a 1D
spectrum. The background (e.g. from fluorescence) is then removed by the application
of the Rolling Circle Filter (RCF)- or Savitzky–Golay Coupled Advanced
Rolling Circle Filter (SCARF)-algorithm. Optionally, this step can also be performed
before the summing of bins. The overlapping spectral lines are removed and the Q1-lines
of the hydrogen isotopologues are fitted using ShapeFit. Finally, the ShapeFit results
are corrected using theoretical calculation data [Roy11] and the source composition is
calculated.

Deconvolution of overlapping spectral lines

The deconvolution of overlapping spectral lines in LARASoft is based on a method and
calculations from Helmut H. Telle (see Ref. [Ake20b]). The mathematical description is
given in Section 3.1.2 and the required, relevant numeric values can be found in [Lon02;
Fis14; Sch14]. Under standard KATRIN operating conditions (c(T2)> 90%), only the
interference between DT Q1- and T2 S1(2)-lines is relevant for the determination of
isotopologue concentrations. Therefore, the implementation is exemplified using this
interference using KNM1 LARA data (Figure 4.4). Assuming that the intensity ratio of
the calculated overlap-line (OL) and the reference-line (RL) replicates the intensity ratio of
the respective measured lines. Note that this assumption is only correct when there are no
unknown systematic effects. The unknown overlapping line can be determined by following
the listed steps:

1. Fit the reference line(s) with a Gaussian function to determine the line profile and
the reference line(s) experimental amplitude(s) A1(J

′′
RL).

2. Calculate the expected experimental line amplitude A1(J
′′
OL) of the interfering line

according to

A1(J
′′
OL) = A1(J

′′
RL) ·

S1(J
′′
OL)

S1(J ′′
RL)

. (4.1)

3. Convolve A1(J
′′
OL) with the line profile determined in the first step.

4. Subtract this line profile from the experimental spectrum, centered at the known
position in the spectrum.
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In order to consolidate LARASoft2 and its numerous additions, the software was rewritten
from scratch by András Bükki-Deme at TLK. Since this was a large update, the version
number was incremented to LARASoft2. LARASoft2 is programmed modular and follows
up-to-date National Instruments design principles. The modularity enables LARASoft2 to
be adapted to different measurement systems, e.g. as needed for the CRM (Section 4.3).

Connection to the KATRIN database

For the KATRIN experiment, the LARA system is treated as a gas composition sensor
and needs to be included in the database structure of the whole experiment [KAT21]. The
complete data flow of the LARA data is shown in Figure 4.5.

After every CCD acquisition and the full data analysis, LARASoft2 collects all the parameters
from the different hardware components (laser, power meter, water chiller, temperature
sensors) and sends the data to Advanced Data Extraction Infrastructure (ADEI).
The ADEI platform integrates all available data sources and makes them available to end
users in a unified, understandable and user-friendly fashion [Chi10b]. It should be noted
that the data sent to ADEI does not include the raw spectra, the analyzed spectra, and
the analysis settings. The distribution/export from the EU of this data is regulated by the
Federal Office for Economic Affairs and Export Control (BAFA), due to
dual-use possibility. Specifically, data regarding tritium analysis and monitoring cannot be
distributed freely, not even within the KATRIN collaboration [Fis14].

For the backup of the protected data, it is bundled with all the data that is sent to ADEI
and synchronized to a TLK-internal server (LARA-server) with RAID-5 capabilities. The

Figure 4.3.: Flow-chart of data analysis in LARASoft2. Only analysis procedures are shown.
Not displayed: Region of interest selection, correction with theoretical intensities and
calculation of gas composition. Details can be found within the text. Image adapted from
Ref. [Jam13]
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Figure 4.4.: Method for the deconvolution of overlapping lines. For illustration, a spectrum
from the first KATRIN neutrino mass campaign is used. Details can be found within the
main text. Image adapted from [Ake20b].

Figure 4.5.: Data flow of the KATRIN LARA system. The arrows shown in red are optional
and are only used, when a re-analysis of LARA-data is required.
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LARA-server can be accessed via a dedicated computer by selected users, which need
the spectra and analysis settings for their work. The main purpose of this PC is the
reanalysis of LARA data. Since LARA data is recorded and analyzed automatically in
nearly real-time in 24h-operation, there can be the need to reanalyze the data afterward.
Hardware failures, user errors or improved analysis routines can trigger a reanalysis of
LARA data for an affected timeframe. Here it is important to note, that ADEI is made
for real-time sensor data and cannot be overwritten with reanalyzed results. Therefore,
the reanalyzed data is sent to the Intermediate Data Layer for Everyone (IDLE)
instead. In the context of LARA data, IDLE is often referred to as ‘VirtualADEI’.

Finally, the relevant data from all KATRIN sensors are combined into Run Summary
(RS) documents that are primarily used as input for tritium spectrum fitting. The RS
documents are produced by C++ scripts and stored in IDLE [KAT21]. The respective
script for LARA data first checks VirtualADEI and uses any data found there. If there is
no data on VirtualADEI for the specified neutrino mass scan, the script defaults to ADEI
for data.

4.1.4. Calibration strategy: spectral sensitivity and theoretical intensities

There are two principal methods for the intensity calibration of any Raman system [Sch13a;
Sch13b; Sch14]. The first is using a well-known gas sample to determine the system’s
response function. For tritium, this method is especially difficult due to its radioactive
decay nature. Every sample containing tritium will undergo radio-chemical changes in its
composition, usually within hours. This means that for every calibration a new, accurate
gas sample needs to be prepared and transported safely and timely to the system, which
needs to be calibrated. At TLK the Tritium-Hydrogen-Deuterium (TriHyDe)-facility
was set up for this purpose [Nie21a; Nie21b]. Although it is not routinely used for the
calibration of the KATRIN LARA system, it provides an improved uncertainty on the
theoretical correction factors and is an important tool to validate the second calibration
method.

The second possible calibration approach combines theoretical intensities from ab initio
calculations with the measured spectral sensitivity in order to determine the system’s
response function. In the first part of this section the theoretical framework for this
calibration procedure [Rup12; Sch13a; Sch13b; Sch14; Zel17] is presented. In the second
part the standard reference material (SRM) 2242 is presented as a way to measure the
spectral sensitivity of a Raman system.
Equation (3.28) from Chapter 3 can be re-written for any hydrogen isotopologue, x, as

IRaman,x(λs, Nx) = kλ · λ−3
s · λ−1

0 ·Nx · Φ(φ, θ, a, γ)ps,pi,x · I. (4.2)

In order to obtain the actual Raman signal, two further aspects must be considered.
First, Eq. 4.2 represents a theoretical Raman signal. The spectral sensitivity η(λs) of the
experimental setup must be included in order to obtain the measured Raman signal. The
spectral sensitivity is unique for each system and setup, and describes the wavelength-
dependent efficiency of the photon detection. The measured Raman Signal is then given
as

Sx = η(λs) · IRaman,x(λs, Nx) (4.3)

= η(λs) · kλ · λ−3
s · λ−1

0 ·Nx · Φ(φ, θ, a, γ)ps,pi,x · I. (4.4)
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Second, in the previous derivation shown in Section 3.1 it was assumed that the Q1-branches
are equal to single lines. In reality, this is not the case, as shown in Figure 3.4. The
Q1-branches are unresolved single lines of different J ′′ initial states. If this is taken into
account, the formula changes to

= kλ · λ−1
0 ·Nx · I

∑
J ′′

(
η(λs,J ′′) · λ−3

s,J ′′ · Φx,J ′′(2J ′′ + 1)gN exp

(
− F̃ (J

′′)hc

kT

)
/Q

)
,

(4.5)

where Q is the molecular partition function [Lon02]

Q =
∑
J ′′

(
(2J ′′ + 1)gN exp

(
− F̃ (J

′′)hc

kT

))
(4.6)

and F̃ (J ′′) are the rotational term energies. These can be obtained by accurate measurement
of the line positions; alternatively, one may utilize the theoretical values calculated by
Schwartz und LeRoy [Sch87].
It is reasonable to approximate that the spectral sensitivity does not change over the width
of a Q1-branch (see Figure 3.4) and therefore does not depend on J ′′:

Sx = kλ · λ−1
0 · I︸ ︷︷ ︸

const.

·Nx · η(λs)
∑
J ′′

(
λ−3
s,J ′′ · Φx,J ′′(2J ′′ + 1)gN exp

(
− F̃ (J

′′)hc

kT

)
/Q

)
︸ ︷︷ ︸

rx

, (4.7)

= C ·Nx · η(λs) · rx︸ ︷︷ ︸
Rx

. (4.8)

The spectral sensitivity η(λs) and the theoretical intensities rx are both necessary in order
to obtain Nx from the measured Raman signal Sx. They can be combined into the response
function if necessary (i.e. for cross validation of different calibration methods). The constant
C cancels out during the calculation of any relative values.
The theoretical intensities rx are calculated according to

rx =
∑
J ′′

(
λ−3
s,J ′′ · Φx,J ′′(2J ′′ + 1)gN exp

(
− F̃ (J

′′)hc

kT

)
/Q

)
. (4.9)

The spectral sensitivity η(λs) has to be determined experimentally by measuring some
kind of known/certified spectrum using the LARA system. The ratio of the measured and
theoretically known spectrum defines the spectral sensitivity:

η(λs) =
Imeas.

Itheo.
. (4.10)
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The Standard Reference Material (SRM) 2242(a)

The luminescence standard SRM 2242(a) is manufactured, certified and distributed by the
National Institute of Standards and Technology (NIST) [NIS08; NIS19]. The standard was
developed specifically for the calibration of Raman systems. The luminescence standard is
a glass plate doped with MnO2. There are three different versions of the standard material:

(i) Original SRM 2242:
The original version has one frosted and one polished surface and measures 10.7mm×
30.4mm× 2.0mm. Both lateral surfaces are unpolished.

(ii) New SRM 2242:
The newer version has two polished surfaces and is 10.7mm× 30.4mm× 1.6mm in
size. Thus, this version is 0.4mm thinner. Both lateral surfaces are unpolished.

(iii) SRM 2242a:
After the certificates of the SRM 2242 expired in 2018, NIST completely revised the
SRM 2242. The new dimensions are 10.0mm×10.0mm×1.65mm with both surfaces
optically polished. The SRM 2242a is significantly smaller and is incompatible with
the default LARA calibration cell. Both lateral surfaces are unpolished.

When any of these SRM are excited with 532 nm laser light, they emit a broadband
spectrum, which is certified for the associated Raman shift region 150 cm−1 and 4000 cm−1

(Figure 4.6). For the SRM 2242, the shape of the spectrum is described by a fifth-order
polynomial

ISRM(λ) =
107

λ2
·

5∑
i=0

AiY (λ)i with Y (λ) = 107 ·
(

1

532 nm
− 1

λ

)
, (4.11)

which is provided and certified by NIST. Additionally, NIST provides certified 95% con-
fidence curves in polynomial form. For the region outside 4000 cm−1 (relevant for H2)
an extended set of measured data was requested from and provided by from NIST. The
certification is valid for measurement temperatures between 20 ◦C and 25 ◦C. If the SRM
2242 is employed in different conditions, a correction has to be used:

(∆ν, T )SRM = (Tmeas − 21 ◦C) · (−1.9 cm−1/ ◦C) + (∆ν)SRM. (4.12)

Figure 4.6.: Certified spectral curves of SRM 2242(a). Figures from [NIS08; NIS19].
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For the SRM 2242a, the shape of the luminescence spectrum is defined by a linearly shifted
log-normal model:

ISRM(λ) =
107

λ2
·

(
H · exp

[
− ln 2

(ln ρ)2

(
ln

[
(z − x0)(ρ

2 − 1)

w · ρ
+ 1

])2
]
+m · z + b

)
, (4.13)

where
z = 107 ·

(
λ−1
L − λ−1

)
(4.14)

and λ is the wavelength in nanometers, λL is the wavelength of the laser in nanometers,
and H, w, ρ, x0, m and b are coefficients of the model. NIST provides the mean values for
the coefficients, as well as values to calculate the lower and upper confidence and prediction
limits. For the region outside 4000 cm−1 the equation and coefficients can be used without
any changes1.

The SRM 2242(a) is designed for the calibration of Raman systems with a 180◦ scattering
geometry (as is common for Raman microscopes). However, as the described in Section 4.1
the KATRIN LARA system is a 90◦ configuration. In this configuration, the laser beam
enters the SRM 2242(a) through one of the lateral surfaces instead of the intended and
certified front surfaces. For adapting the SRM 2242 to the 90◦-scattering setup, detailed
investigations and studies were conducted [Rup12; Sch14; Sch13a; Sch15b; Zel17]. In the
90◦-scattering setup, the spectrum emitted from the SRM 2242 depends on the lateral
position of the laser beam passing through the material. In order to find the correct position
of the laser beam, the original version of the SRM 2242 was used, since it has one polished
and one unpolished (frosted) surface. For the measurement, the beam position is varied
with different sides facing the collection optics. As shown in Figure 4.7, when the beam
position is varied, the resulting spectral sensitivities are only in agreement when the beam
position is directly below the surface facing the collection optics. This result was confirmed
by round-robin measurements of the same gas sample with different LARA systems. Based
on this requirement for the beam position, a bespoke positioning procedure was developed;
it was shown that with this procedure and the SRM 2242, the trueness requirements for
the KATRIN LARA system are fulfilled.

Figure 4.7.: Measurements were taken with different sides facing the collection optics. Only
the values directly under the surface agree. Figure from [Sch15b].

1Personal communication with A.A. Urbas of the NIST Chemical Sciences Division
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4.2. The Confocal Raman Microscope (CRM) for tritiated samples

In this section, the experimental setup of the CRM is described. First, in Section 4.2.1 a
brief introduction to confocal microscopy in general is given. Second, an overview of the
CRM is presented in Section 4.2.2. Finally, in Section 4.2.3 and Section 4.2.4 the detailed
experimental setup and measures for tritium compatibility are described.

4.2.1. Introduction to confocal Raman microscopy

Confocal Raman microscopy is a potent tool for characterizing materials at the molecular
species level. The fundamental functional mechanism is based on the combination of confocal
microscopy and Raman spectroscopy. The generic principle of a confocal microscope is
shown in Figure 4.8.

For confocal microscopy, a point-like light source is needed. This can be achieved by using a
free-space laser with a pinhole placed in the path of the laser. Alternatively, a fiber-coupled
laser with a single-mode optical fiber [Gu91; Dab92] can be used. The divergent light
from the point-like source is then collimated by a lens. Using a dichroic beam splitter, the
light is directed through an objective and focused to a specific point in the focus plane.
The sample of interest is positioned in the focus plane of the confocal microscope. The
laser beam interacts with the sample molecules through Raman scattering, in addition to
common Rayleigh scattering and fluorescence. A detailed introduction and summary of
the Raman effect for gaseous and solid samples was given in Chapter 3.

The focus point typically has a diameter in the micrometer range and defines the area from
which the scattered light is emitted and detected. In addition, this configuration enables
spatial scanning of the sample. By moving the objective or the sample, the laser focus can
be moved across the sample to create a three-dimensional image. The scattered light passes
the objective and the beam splitter and is then focused by a second lens onto a pinhole. It
is located in front of the detector (or optical fiber coupled to the detector) and allows only

Figure 4.8.: Principal concept of a confocal microscope. Details can be found within the
text. Image based on [Top18].
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light from a specific focal region of the sample to pass through. This improves the lateral
(xy-plane) and axial (z-plane) resolution, as only the light from the focal volume can pass
the pinhole, while emitted light from other areas of the sample is suppressed, as depicted
in the beam path of the reference plane in Figure 4.8.

By scanning the sample, confocal microscopy can produce high-resolution images in both
the lateral and axial directions, allowing three-dimensional analysis of the sample. This
principle can be adapted to optimize the system to work with different types of scattering.
Achieving optimal transmission and analysis of the desired scattering requires careful
selection of appropriate optical components, thereby fine-tuning the system for the specific
scattering of interest. In this work, all components are selected for optimal collection of
Raman scattered light.

4.2.2. Design of the tritium-compatible CRM

The CRM’s overall concept is illustrated in Figure 4.9, depicting a schematic drawing and
an overview photo. Similar to commercial CRM implementations, the entire system can be
divided into several essential functional groups. In addition to the main optical system,
there is the motorized sample stage, the DPSS excitation laser and the spectrometer with
CCD detector combination. The main optical setup is divided into three functional groups:

Segment A The purpose of this first segment is the excitation laser coupling and collection
of Raman light. The laser light is coupled into the CRM using a single-mode (SLM)
optical fiber. Optionally, the laser power can be monitored. Furthermore, the laser
and Raman light are guided through the microscope objective.

Segment B The second segment is the wide-field imaging arm. Here a CMOS camera is
positioned which is used for sample positioning and to record images of the sample.

Segment C The final segment is the confocal light collection arm, where the Raman light
from the laser excitation region on the sample is imaged onto the confocal pinhole
and collected by a fiber bundle, carrying the Raman light to the spectrometer.

Segment A - Excitation laser coupling and Raman light collection

Laser The selected laser is a diode-pumped solid-state (DPSS) laser with a maximal
output power of 120mW and a nominal wavelength of 532 nm. Normally, confocal
microscopes utilize free-space coupling of the laser radiation in combination with a
pinhole to create a point-like light source (Figure 4.8) [Dab92; Gu91]. In this system,
the excitation laser is coupled into the CRM by using a single-mode FC/PC fiber optic
patch cable. The core diameter of common single-mode fibers has a Mode-field
diameter (MFD) of the order of ≈ 3.5 μm. Therefore, it acts equivalently to the
aforementioned pinhole. The fiber is then connected to a fixed-focus collimation
package, which generates a collimated laser beam with a diameter of about 2mm.
Additionally, the fiber-coupling allows for increased flexibility in the position of
the laser. The laser can be easily placed outside potentially toxic or radioactive
environments, while the fiber optic patch cable is fed through, e.g. , the enclosure of
a glove box.

Laser line filter The laser line filter installed in the laser path directly after the collimation
package removes any fluorescence and stimulated Raman light, which might have
been generated in the fiber, while most of the laser light can pass the filter (T> 90%
for 532 nm).
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Figure 4.9.: Overview of the confocal Raman microscope a) technical drawing and b)
photograph of the system. The three main sections are: A - excitation laser coupling and
Raman light collection, B - the wide-field imaging arm and C - the confocal light collection
arm. Details can be found in the main text and in Ref. [Dia22].
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Dichroic beam splitter Using a single-edge dichroic beam splitter with R532 nm ≈ 95%
and TRaman > 93%, the laser beam is directed to the microscope objective. The
remaining transmitted laser light is used for laser power monitoring.

Microscope objective A low-cost infinity-corrected objective with 10x magnification and
0.25 Numerical Aperture (NA) is used to focus the laser beam onto the sample.
This objective with rather low NA was chosen since the areas to be raster-scanned
are rather large and for the planned studies larger magnifications were not needed.
However, an objective with a larger NA can be used and will be tested with this
CRM in the future. The laser light scatters off the sample. The scattered light
is then collimated by the microscope objective. At this stage, the scattered light
comprises not only Raman scattering, but Rayleigh scattering as well. All scattered
light hits the dichroic beam splitter, where 93% of the Raman scattered light can
pass. Only a sub-percent of the 532 nm light can pass the mirror.

Segment B - Wide-field imaging arm

Beam splitter cube Both, the remaining 532 nm light as well as the Raman light passing
through the dichroic beam splitter, hits the beam splitter cube and is split in the ratio
10:90 (R:T). The reflected light (R) is used in the wide-field imaging arm (Segment
B) while the transmitted light (T) propagates in the confocal light collection arm
(Segment C). Note that the beam splitter cube is common to both segments (B) and
(C).

Focusing lens L1 The reflected light is focused by an achromatic lens of focal length
f = 150mm onto a color CMOS camera. The focusing is equal to that in the confocal
light collection arm; therefore, a direct comparison of the wide-field and the confocal
Raman images is possible.

CMOS camera The CMOS camera has an imaging area of 1440×1080 pixel (about
5.0×3.7mm2). When the same lens is used in segment B and segment C and
the lenses are aligned so that the distances between L1 ⇔ CMOS sensor and L2 ⇔
pinhole are equal, then information from either arm can be used to determine whether
the sample is in focus. This is the main use for the CMOS camera. Since the intensity
of the remaining 532 nm light is much higher than the Raman signal, the image on
the CMOS camera has sufficient illumination within a few milliseconds compared to
> 10 s for a clear Raman image. Therefore, the movement of the sample through the
focus point of the laser spot can be observed in real-time and the positioning of the
sample in focus is rather easy and quick.

Segment C - Confocal light collection arm

Beam splitter cube Common element with Segment B.

Long-pass edge filter As described in segment A, the light which is generated on the
sample does not originate from Raman scattering alone. Additionally, Rayleigh
scattering and laser light reflections are collimated by the microscope objective. This
light has the same wavelength as the excitation laser light of 532 nm. The intensity
of the Rayleigh light alone is already at least three orders of magnitude higher than
the Raman intensity [Hen70]. For this reason, a long-pass filter is installed into the
Raman light pass prior to the focusing lens. Note that for alignment of the beam
pass, this filter has to be removed.

Focusing lens L2 The remaining Raman light is focused onto the confocal pinhole by an
achromatic lens of focal length f = 150mm. This is the same type of lens as L1 in
the wide-field imaging arm.
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Pinhole Two different pinhole diameter were used in this work, namely 75 μm and 100 μm,
which are close to the optimal value for the current configuration of the CRM. The
optimal pinhole diameter depends on (i) the NA of the objective, (ii) the focal length
of the achromatic lens L2, and (iii) the focal beam diameter on target. If either of
these parameters is changed, the pinhole diameter has to be adjusted accordingly.

Fiber The light passing through the pinhole is collected by an optical fiber bundle. The
fiber bundle is custom-fabricated and comprises of 48 individual fibers of core diameter
100 μm. The individual fibers are arranged into a circular area of diameter 1mm.

Key technical details for all aforementioned CRM components are collated in Table 4.1. In
addition, a description of said CRM elements and the alignment procedure for the setup
can be found in Ref. [Dia22]. Characterization measurements for the CRM are discussed in
Chapter 6.

4.2.3. Mechanical system for sample positioning and movement

The schematic of this motorized sample motion assembly is shown in Figure 4.10. The
motion of the sample is realized by three coupled, motorized translation stages. The
directions of motion across the target surface are designated as the x- and y-axes, while
focusing on the surface occurs along the optical axis (designated as the z-axis). The three
translators are 8MT173-20-EN1 units (Standa2) that allow motorized motion in all three
directions with minimum step intervals of <1 μm.

To enable quick sample exchange without major or tedious mechanical manipulation of the
measurement setup, a special sample holder was designed, based on a pair of magnetically
connected kinematic baseplates (KB50/M by Thorlabs3). The principle of this plug-and-
play mount is shown in Figure 4.11. This design allows the tritium-contaminated sample
to be mounted inside a glove box on the detachable holder part, and then to attach it
magnetically to the xyz-translator in a plug-and-play manner. The magnetic connection
has a combined reproducibility in the x-y plane of <12 μrad. The holding force of the
magnetic connection is 2.8 kg. With a weight of the holding plate + graphene sample of
<100 g, a robust fixation is ensured. With this holding method, the time for handling the
radioactive sample outside the glove box is reduced to a minimum.

The sample itself is held in a type of ‘sandwich’; this holder was specially designed for the
Graphenea4 substrates. However, the design can be easily adapted to other samples, as
long as the design can be screwed onto the separable kinematic holder. The substrate (of
dimension 10mm×10mm) is centered on a baseplate and fixed with a cover plate that has
a recess of the appropriate size. This unit is then screwed onto the separable kinematic
holder. The functionality is outlined in Figure 4.12.

2Standa Ltd.,LT-08221 Vilnius, Lithuania
3Thorlabs Inc., Newton, New Jersey 07860, United States
4Graphenea Inc., 20009 - San Sebastián, Spain
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Figure 4.10.: Schematic sketch of the motorized system for moving the sample, in x, y and
z directions. The system is based on three mechanically coupled, stepper motor-driven
translation stages. Note: for clarity, the translator for the z-direction is not shown.

Figure 4.11.: Schematic of the magnetic plug-and-play holder for tritium-loaded samples;
(a) detached state; (b) attached state. The kinematic part (right in the pictures) is screwed
to the translator unit, the sample holder (left in the pictures) is a combination of magnetic
baseplate and sample plate.
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Figure 4.12.: Schematic structure of the sample holder for tritium-loaded samples. (a) Design
of the sample holder, with magnetic base KB50/M (Thorlabs); (b) Sample ‘sandwich’,
consisting of sample base, (graphene) sample and sample cover.

4.2.4. Tritium compatibility

To minimize the risks of tritium release into the laboratory and of the contamination
of all optical components, the entire sample stage is surrounded by an enclosure, which
is connected to a mobile suction unit of the TLK. Specifically, the sensitive CRM is
completely isolated from the tritium-loaded sample with only a single opening for the
microscope objective. For better visibility of all components, this enclosure is not shown in
Figure 4.9; when installed, it covers the motorized stage and the sample holder.

With this design, there is no need for a window between the microscope objective and
the sample, which would potentially produce a fluorescence background. The suction
unit ensures a constant exchange of the air surrounding the sample stage and a directed
flow away from the rest of the optical system. The volume flow of the suction unit is
300−600m3 h−1, which, with an enclosure volume of about 100L, corresponds to about
3000-6000 air changes per hour, i.e. 0.8-1.7 air changes per second.

Experimental operation with tritium may only be carried out when the ventilation system
of the tritium laboratory is in operation. The enclosure is monitored by means of a mobile
ionization chamber. Therefore, when a tritium contaminated sample is placed in the CRM
only the motorized stage and the microscope objective are directly exposed to potential
tritium contamination. With this particular setup, the total activity on a sample can be as
high as 1× 1010Bq.
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4.3. Software for the operation of the CRM

As described in Section 4.1.3, LARAsoft was revised by András Bükki-Deme and incre-
mented to LARASoft2. The new software version is more stable for long-term operation
(see Chapter 5) and programmed in a modular fashion, which improves maintainability,
scalability, and extendability. All features present in LARASoft2 are also available in
LARASoft2. Therefore, only the new features will be presented and discussed in this section.
Details about the functionality of LARASoft2 can be found in Ref. [Fis14]. For the following
sections, the version with added support for the CRM, is called LARASoft2-CRM5.

4.3.1. Review of pre-existing software

In Figure 4.13 the main window of LARASoft2 is shown; here the core features for a particular
data acquisition run are selected. Using the (1)-bar on the left, the different submodules
can be loaded into the central (2)-subpanel. Every submodule has a custom front panel
(User Interface, UI), which is often divided into (3)-tabs for different functionalities. As
an overlay, the (4)-window controls (print, scrollbars, window size, about and exit) are
always visible and accessible. The corresponding block diagram is shown in Figure 4.15.
All (2)-submodules are loaded when LARASoft2 is started. The submodules communicate
with each other and the main module via access to the same User Events.

When a submodule is selected via the (1)-bar task selector, it is loaded into the (2)-
subpanel by the event loop block (3), as indicated in the corresponding block diagram
in Figure 4.15. This improved software architecture results in the increased long-term
stability and expandability. All submodules have a dedicated error handling, which does
not affect the other submodules, unless it is specifically required. For example, a minor
error or warning produced by the water-chiller-submodule does not affect the data taking.
However, a major error - like the overheating of the laser - could be programmed to stop
the data taking and shut down the entire system.

Figure 4.13.: Front panel of LARASoft2. (1) - sidebar to select different submodules, (2) -
subpanel into that the front panel of the select submodule is loaded, (3) - tab separator of
the ‘CCD control’-submodule, and (4) - general window controls.

5LARASoft2-CRM corresponds to the version numbers upwards of LARASoft2.7.0
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4.3.2. Automatic control of the motorized stages for Raman raster imaging

Within the scope of this work, LARASoft2 was extended by a submodule for the control of
the xyz-motion-stage. Apart from the manual control of the xyz-motion-stage, the main
additional functions in LARASoft2-CRM are (also see Figure 4.14):

(a) Detection of and connection to the xyz-motion-stage: The system can detect and
distinguish two different xyz-motion-stages at this point in the software development.
First, the xyz-motion-stage from Standa (Table 4.1) employed in this CRM. Second, is
a stage built from Thorlabs components, which is employed in the CRM at the UAM.

(b) Angle correction: For keeping samples in the laser focus during raster scans, the tilt
angles need to be determined. A detailed description of the procedure is given in
Section 4.3.3.

(c) Automatic scans: The user can specify a starting position (xs, ys, zs), the step size
(∆x,∆y,∆z), and upper and lower boundaries (x(min,max), y(min,max), z(min,max)) for an
automatic scan. In addition, the number of spectra n taken at every point can be
controlled. When data taking is started, the xyz-motion-stage will be moved to the
starting position of the specified scan. After n spectra are recorded, the x-position
is incremented by the step size ∆x. This is repeated until the x-position reaches the
upper boundary xmax, meaning one x-line was scanned. The x-position is then reset
to the lower boundary xmin, the y-position incremented by the step size ∆y and the
next x-line scanned. When the y-position reaches the upper boundary ymax, a full
xy-plane has been scanned (xy-slice). The z-position is incremented by ∆z and the next
xy-slice is recorded. When all values reach the upper boundaries, the scan (xyz-cube)
is completed and stopped.

4.3.3. Automatic control for keeping samples in the laser focus during raster scans

For the generation of planar (xy-direction in our geometry frame) images of a sample,
during the scan the sample surface needs to stay within the laser focus (z-direction). Due to
unavoidable offset and rotations in the assembled xyz-motion-stage and uneven mounting
in the sample holder, the sample, and the laser focus planes are not necessarily parallel to
each other on a sub-degree level. Thus, the sample surface would likely move out of focus
during a full planar scan. This is a general problem in whole-slide (laser) microscopy, in
which topographic variability may severely affect in-focus imaging [Bia20].

In the raster-scan Raman imaging described here, which at present only utilizes a low-
magnification 10x objective, normally topographical variations are well within the standard
focal depth of several μm. However, as mentioned earlier, the sample surface may not be
absolutely in-plane for lateral xy-scans, i.e. the sample might be mounted with a tilt.

Therefore, the surface may severely run out of focus during a full-area raster scan; for a
compensated scan-procedure, knowledge of the particular sample tilt is required. In order
to correct for the tilt of the sample, the tilt angles θx,y need to be measured. Using the
CMOS camera three different points P1, P2, P3 on the sample surface are selected such
that all points are in the focus of the laser beam. From these three points, two vectors
r⃗x,y on the sample surface are constructed. Finally, the vector dot-product of r⃗x,y with the
normal vector n⃗z = (0, 0, 1) is used to calculate the angles

θx,y = cos−1

(
n⃗z · r⃗x,y

|n⃗z| · |r⃗x,y|

)
. (4.15)
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The coordinate system of the xyz-motion-stage is then rotated using basic rotation matrices
Rx and Ry, according to

Pi = Ry(θy) ·Rx(θx) · P ′
i , (4.16)

where P ′ denotes the original tilted system and P is the corrected coordinate system.

This procedure is implemented in LARASoft2 in such a way that the user enters coordinates
only in the corrected coordinate system, which then are back-transformed and transmitted
to the xyz-motion-stage for movement. With the corrected coordinate system, the z-
coordinate remains constant during the planar scan and the sample is kept in the laser
focus. This procedure is applied first, whenever a new sample is installed in the sample
holder.

Figure 4.14.: Front panel functionality of CRM submodule. (a) - detection of and connection
to the xyz-motion-stage, (b) - angle correction for a raster scan area, and (c) – setup of
automatic scans.
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Figure 4.15.: Block diagram of LARASoft2. (1) - initialization of the window and subpanel,
(2) - initialization of all submodules, (3) - main loop to switch submodules based on user
input and communication to submodules, and (4) - clean up procedure executed on software
exit.
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4.4. Data analysis for Raman imaging

4.4.1. Description of acquired data sets (hyperspectral data cubes)

During a scan, a complete Raman spectrum is recorded for every pixel position. When
all three spacial dimensions are scanned, this results in a 4D-data cube (four-dimensional
= xyz-spatial + s-spectral), where the S-dimension (or spectral-dimension) is associated
with the recorded Raman spectra. However, the more commonly employed scans are xy-
or xz-scans, which are represented by a 3D-date cube. Such data sets are referred to as
hyperspectral data sets. For 2D visualization of the hyperspectral data sets, the information
contained within each spectrum needs to be reduced to a single value for each spatial pixel
position (see e.g. Refs. [Kes02; Top18; Tel18; Sch22]); this procedure is often referred to
as ‘slicing’. When multiple slices are extracted from the Raman spectra, each image can
either be displayed individually or they can be combined into a color image stack.

It should also be noted that the hyperspectral data sets typically consist of a large amount
of individual Raman spectra. A full-special-resolution (step-size ≈ 7 μm ≡ laser FBD)
xy-scan of a 1 cm2 sample would contain 1430× 1430 ≈ 2× 106 individual Raman spectra.
Considering the typical measurement time of the CRM of 10 seconds, such a scan would
take more than 230 days to complete. Therefore, full-special-resolution scans are often
reduced to a smaller area of about 300 μm× 300 μm with total scan times in the order of
10 - 20 hours. Alternatively, the step-size is increased significantly (e.g. to 50 μm or more) -
resulting in under-sampling - to obtain a coarse image of the whole sample in a total scan
time of a few days.

The large amount of data is a challenge for data analysis. Especially, the analysis of
samples with unknown chemical composition, potentially varying with spatial position, is
complicated, since it is not feasible to check every individual Raman spectrum manually.
Any data analysis solution needs an option to reduce the size of the data set, or easy data
exploration.

4.4.2. Pre-processing of spectra

The raw intensity signal from the CCD is cleaned and calibrated through a series of
pre-processing steps to obtain a Raman spectrum for quantitative analysis. If not stated
otherwise, the pre-processing procedures are based on Refs. [Jam13; Fis14; Zel17; Ake20b]
and more details can be found there. The main pre-processing steps applied in this work
are:

(i) Cosmic Ray Removal: Interactions between cosmic radiation and the atmosphere
lead to the creation of muons, which, when traversing the CCD detector, yield high
pixel reponse intensity. For the removal of these ‘cosmic rays’ it is utilized that the
events are short-term and only affect one spectrum. Given the number of pixels on
the CCD and the cosmic ray event rate of about 1 event/10 s, it is unlikely that two
consecutive cosmic ray events will affect the same pixel. Therefore, by comparing
consecutive Raman spectra against an optimized threshold value, cosmic ray peaks
can be identified and removed by using the mean value of the neighbouring pixels.
This pre-processing step is always used and integrated within LARASoft2.

(ii) Background removal: Depending on the scanned sample, a background removal
algorithm is applied. Either the SCARF-algorithm, implemented in LARASoft2, a
MATLAB implementation of the ‘Whittaker Smoother’ [Eil03] or the ‘Vancouver
Raman Algorithm’ [Zha07] is used.
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(iii) Spectral sensitivity correction: For intensity calibration, the SRM 2242a was scanned
and the spectral sensitivity of the CRM calculated (see Section 6.5). It should be
noted that the intensity calibration is incomplete without the theoretical intensities
of the studied materials, which are often unknown. The correction using the spectral
sensitivity is implemented in LARASoft2.

4.4.3. Generation of 2D spectral-slice images

For the generation of the 2D spectral-slice images ’(‘heatmaps’) custom-written Python- and
MATLAB-scripts are used. For data extraction, sorting, and combination, Python-scripts
based on the work of J. Demand6 are used. For the spectra analysis, optional spectra
processing and the generation of the heatmaps, a custom MATLAB-script is used (see
Appendix B). As described in Section 4.4.1, most often a xy- or xz-raster scans were
performed during this work, resulting in a 3D-data set (2 spatial dimensions + 1 spectral
dimension). In addition, for optimal cosmic ray removal (Section 4.4.2) at least n = 2
spectra are recorded for every point/coordinate of the scan.

After the pre-processing steps, the spectra are sorted by their coordinates and the mean
spectrum for every coordinate is calculated. The mean spectrum and its coordinates are the
inputs for the MATLAB-script for the data analysis and heatmap generation. In general,
the script (i) reads the data, (ii) performs optional pre-processing steps, (iii) extracts some
spectral information from the data, and, finally, (iv) displays the spectral information in
heatmap form using the coordinate information.

Note that step (iii) requires specific refinements, depending on the studied sample and the
spectral information of interest. In general, one or more of the following refinements were
included:

(A) Summed area: A simple method is to define spectral slices by wave numbers and
calculate the mean or summed value within these slices. This method is highly flexible,
but sensitive to the background and normalization, and can produce skewed results
when these effects are not corrected for. However, in some samples the background is
of special interest and is not removed (see e.g. some results discussed in Appendix E).
In these cases, this method provides an easy-to-use tool, without the need for a model
function.

(B) Fit of model function: Instead of spectral slices, the position of known peaks can be
used to fit a model function. The model function is dependent on the sample; e.g. ,
for graphene peaks a Lorentzian model is used. Using this method, different spectral
features can be extracted from the data set, e.g. peak area, peak height, peak position
and peak width. More complicated models can be used for the simultaneous fit of
multiple spectral features at once, or for the fit of a background shape. Provided that
the model function includes a parameter for the background offset, this method is less
sensitive to background fluctuations. In addition, if the peak positions are well known,
this method can be used to fit slightly overlapping peaks.

(C) Intensity ratios: Using the results from either method A or B, peak intensity ratios can
be calculated and shown in heatmap form. In this approach, effects like the fluctuation
of the laser intensity cancel out. This method is often used to normalize the results to
a reference peak in the spectrum, e.g. the Si-peak in graphene on Si/SiO2 samples.
Additionally, e.g. in graphene studies, the ratio of two peaks is also of interest in itself.

6J. Demand: ‘Characterization of a Laser-Raman-Microscope for the examination of hydrogenated
graphene’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2021
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(D) Principal component analysis (PCA): PCA[Pea01; Hot36] is a statistical technique
for the analysis of large data sets without the requirement of prior -knowledge about
the sample, like its chemical composition or specific Raman peak positions. However,
PCA is very complex and requires significant effort to achieve quantitative results.
Therefore, in this work, PCA (see Appendix B) is used only for data exploration of the
large data sets. The information is then compiled and utilized as input for methods A,
B, or C.

It should be noted that further evaluation options could be utilized in the data analy-
sis, including different multivariate analysis techniques, and neutral network approaches;
however, these were not used in this work.
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5. Long-term operation of the KATRIN LARA
system during the KNM1-KNM11
(KATRIN Neutrino Mass) campaigns

5.1. Motivation and overview

The KATRIN LARA system has been successfully operated during all KATRIN Neu-
trino Mass (KNM) campaigns, starting with the ’first tritium´ campaign in mid-2018
[Ake19]. In this chapter, this long-term operation over a timespan of five years is presented.

The KATRIN LARA system was fully available since the start of the KATRIN operation
with tritium on the 18th of May 2018. More than five years later, at the time of writing,
the LARA system is monitoring the source gas composition during the KNM11 data
taking. In the meantime, during the actual β-scan periods of the KATRIN experiment,
over 1.7mio Raman spectra were recorded, and analyzed.

During the full set of β-scan time periods, the LARA data taking was unintentionally
interrupted only five times. Four of these stops were caused by an unknown memory error
in LARAsoft; however, this error only appeared once since the upgrade to LARASoft2 (see
Section 4.1.3). Unintentional interruption of the LARA recording was noticed and fixed
within 7-20 h, resulting in a total downtime of the LARA system of only 0.36% during
β-scan time periods.

Due to the large amount of data collected over the KATRIN run time, in this section only
selected, representative data sets are presented. Apart from the Raman spectra and the
analysis settings, the data is available in ADEI for members of the KATRIN collaboration
(see Section 4.1.3).

In Section 5.2, the performance of the LARA system is quantified by scrutinizing the per-
formance parameters, spectra quality and hardware stability. In addition, the combination
of the LARA system with the Forward Beam Monitor (FBM) [Beg22], that was used
during the ‘Very First Tritium’ (VFT) and ‘First Tritium’ (FT) campaigns, and
overall achievements are highlighted.

A significant challenge for the successful long-term operation of the LARA system is the
Raman response calibration with the Standard Reference Material (SRM) (NIST
standard reference material) sample. Prior to the KATRIN campaigns, no long-term studies
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existed on how, for example, the properties of the SRM or the spectral sensitivity of a
LARA system would evolve over the time span of a few years. As the LARA system is
usually calibrated between each measurement campaign, these datasets can be used for
such long-term studies. Another challenge was that the SRM 2242 certification was only
valid until the end of 2018 [NIS08]. A year later, as described in Section 4.1.4, the SRM
2242a was made available by NIST [NIS19]. In Section 5.3, the long-term studies on both
theSRM 2242 and the spectral sensitivity of the KATRIN LARA system are described, as
well as the application of the new SRM 2242a.

5.2. Definition and evaluation of performance parameters

First, a brief summary of the performance parameters that are used for the discussions
and analysis in the following sections is given here.

As defined in Section 2.3, KATRIN puts rather stringent requirements on the tritium, ϵT,
and the ratio of impurities, κ. In summary, the requirements for the 200meV goal are:

δprec.ϵT =
∆ϵT
ϵT

≤ 1× 10−3 =̂ 0.1% (precision),

δcal.ϵT =
∆ϵT
ϵT

≤ 3× 10−2 =̂ 3.0% (trueness), (5.1)

δcal.κ =
∆κ

κ
≤ 10× 10−2 =̂ 10% (trueness).

Related to these definitions and requirements, the following nomenclature is used in this
chapter:

X : measured quantity,

∆X : absolute uncertainty on the measured quantity, (5.2)

δX : relative uncertainty on the measured quantity.

Unless stated otherwise, the 1σ standard deviation (coverage k = 1 in the GUM1 framework)
is stated as the uncertainty.

In previous works, it was shown that these requirements could be fulfilled, in principle
[Stu10a; Fis11; Zel17; Nie21b]. However, the accuracy of the LARA system depends on
changing factors, e.g. the intensity calibration, the analysis settings, the hardware stability,
and the actual gas composition in the WGTS. It is therefore not automatically given that
the requirements are always fulfilled over years of operation. Here it should be stressed that
the LARA system is a monitoring system; the actual source composition is determined by
the purification of tritium in the Tritium Separation System (TSS) [Wel17; Stu21].

Even though there are other common quality indicators in spectroscopy, e.g. Limit of
detection (LOD) and the signal-to-noise ratio (SNR), the requirements based on the
final KATRIN aim (Eq. 5.1) are the most important quality indicators. For example, a low
LOD is not useful if it does not lead to the KATRIN requirements being fulfilled. Note
that the results reported in this section for the (V)FT and KNM1 campaigns have been
published in Ref. [Ake20b].

1ISO/IEC Guide 98-3:2008-09: Uncertainty of measurement - Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995). Burau Interational Genève, Switzerland, 2008
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5.2.1. Spectra quality

The data presented in this section is used to quantify the quality of the Raman spectra.

Figure 5.1 shows representative Raman spectra from the KATRIN measurement campaigns,
namely the FT campaign and the KNM1-11 campaigns. To obtain these spectra from the
raw images of the CCD detector, several data analysis steps were applied; these have been
summarized in Figure 4.3 in Section 4.1.3. The applied processing steps are: (i) removal of
cosmic rays, (ii) astigmatism correction, (iii) spectral sensitivity calibration, (iv) binning,
(v) background removal via the SCARF algorithm, and (vi) the spectral overlap correction.
In order to make it easier to compare the spectra, they are each individually normalized to
Imax = 100; this is not done in regular data analysis.

In Figure 5.1, in addition to the Q1-branches of six hydrogen isotopologues, the O1- and
S1-lines are annotated when they are visible. In the KNM1-11 campaigns (ϵT > 95%),
these are mainly visible for T2, while in the FT campaign (ϵT < 1%) mainly the O1- and
S1-lines of D2 (cD2 > 90%) are visible. Comparing the FT-Raman spectrum with the
spectrum from e.g. KNM1, clearly demonstrates the problem of overlapping spectral lines:
In the FT-Raman spectrum, the DT-Q1-branch does slightly overlap with the D2O1(3)-line;
however, there is enough separation that a fit of the DT-Q1-branch is possible. In KNM1,
where the main gas component is T2 instead of D2, the T2S1(2)-line that is almost at the
exact position of the DT-Q1-branch has a significant intensity, and thus rendering a separate
fit of the DT-Q1-branch impossible without additional analysis. In this case, the spectral
lines are deconvoluted following the procedure depicted in Figure 4.4 in Section 4.1.3.

For the extraction of the source gas composition from the respective Raman spectra,
the Q1-branches are fitted with the ShapeFit procedure [Jam13], determining the signal
intensity IQ2

of every hydrogen isotopologues. The signal intensities are then corrected
using the molecule-specific theoretical correction factors, and the concentrations cX, the
tritium purity ϵT, and the HT/DT-ratio κ are calculated according to the equations given
in Section 2.3.

Because of the radioactive β-decay of tritium and the carbon-release from the stainless-steel
walls of the Inner Loop (IL) and the WGTS, which gives rise to unwanted 3He and several
molecular species, about 1% of the gas is constantly removed by the permeator in the IL
(see Figure 2.4). This raises the need for regular gas refills. Due to technical reasons, this
is realized by batch gas transfers rather than a constant stream of new gas. These batch
gas transfers often have different gas compositions than the actually circulating gas in the
IL, causing a shift in the chemical equilibrium and a changing gas composition for up to
several days after the refill. Therefore, the source gas composition changes every time the
processed gas batches are injected into the KATRIN loop (see Figure 2.4 in Chapter 2).

As an example, this is shown in Figure 5.2 for the KNM4 campaign; every batch refill of the
KATRIN loop with a different gas composition is associated with an exponential temporal
evolution of tritium purity. However, these variations are no problem for the KATRIN
experiment as long as they are monitored with the required precision. Figure 5.2b and
Figure 5.2c show the precision that is derived from the time series data. Every exponential
temporal evolution of tritium purity is fitted with an exponential curve, and the residuals
of this fit correspond to the precision of the measurement [Fis14]. Figure 5.2b shows a
zoomed region, corresponding to the time between two batch refills, together with the
associated exponential fit curve. The statistical histogram of the residual of the exponential
fit is shown in Figure 5.2c. The standard deviation of this histogram is the precision of
this data ‘snapshot’. For the data shown δprec.ϵT = 0.046%, easily fulfilling the KATRIN
requirement of δprec.ϵT = 0.1%.
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Figure 5.1.: Raman spectra from all KATRIN Neutrino Mass (KNM) campaigns. Data
updated and adapted from [Ake20b]; details can be found in the text.
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This analysis is performed for data ‘snapshots’ from every KNM campaign that was
conducted, up to the time of writing. In addition, the trueness requirement is also examined
in the data ‘snapshots’. The results are summarized in Table 5.1. One finds that the
KATRIN requirements were met in all KNM campaigns, despite the different source gas
compositions.

Figure 5.2.: Source gas composition during KNM4. Every batch refill of the KATRIN loop
with a different gas composition is fitted with an individual (exponential) curve. From the
spread of the residuals, the precision can be determined; details can be found in the text.
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Table 5.1.: Typical monitoring parameters for the gas composition in KATRIN: comparison
of the specification requirements and the values achieved during KNM1-11 data taking.
Precision and trueness are given relative to the respective values, |δX = ∆X/X|.

cT2 cDT cHT ϵT κ

Require-
ments

Value - - - > 0.95 -
Precision - - - < 1× 10−3 -
Trueness - - - < 3× 10−2 < 10× 10−2

KNM1
Value 0.950 16 0.012 81 0.035 68 0.962 20 2.785 51
Precision 2.15× 10−4 6.34× 10−3 4.31× 10−3 5.20× 10−4 8.76× 10−3

Trueness 9.72× 10−3 9.26× 10−2 1.45× 10−1 1.49× 10−3 3.37× 10−2

KNM2
Value 0.974 32 0.005 57 0.019 33 0.986 75 3.475 51
Precision 3.76× 10−4 2.44× 10−2 1.18× 10−2 1.96× 10−4 1.50× 10−2

Trueness 7.67× 10−3 7.56× 10−2 7.79× 10−2 1.42× 10−3 7.94× 10−2

KNM3
Value 0.971 15 0.005 22 0.020 92 0.984 22 4.007 56
Precision 1.95× 10−4 1.33× 10−2 4.21× 10−3 1.58× 10−4 1.44× 10−2

Trueness 1.58× 10−3 5.72× 10−2 5.50× 10−2 1.97× 10−4 3.40× 10−2

KNM4
Value 0.965 47 0.005 53 0.026 27 0.981 37 4.750 69
Precision 2.43× 10−4 1.29× 10−2 4.40× 10−3 1.86× 10−4 1.32× 10−2

Trueness 1.82× 10−3 5.66× 10−2 5.35× 10−2 4.05× 10−4 3.29× 10−2

KNM5
Value 0.980 90 0.005 07 0.010 44 0.988 65 2.063 66
Precision 2.79× 10−4 2.95× 10−2 8.43× 10−3 2.08× 10−4 2.85× 10−2

Trueness 1.34× 10−3 5.58× 10−2 5.56× 10−2 5.68× 10−4 5.81× 10−2

KNM6
Value 0.976 50 0.007 33 0.013 48 0.986 92 1.844 41
Precision 3.09× 10−4 1.82× 10−2 1.30× 10−2 1.61× 10−4 9.12× 10−3

Trueness 1.57× 10−3 7.36× 10−2 5.47× 10−2 8.76× 10−4 6.91× 10−2

KNM7
Value 0.977 31 0.008 78 0.011 75 0.987 57 1.338 64
Precision 1.09× 10−4 6.41× 10−3 3.82× 10−3 7.69× 10−5 7.17× 10−3

Trueness 1.45× 10−3 7.28× 10−2 5.40× 10−2 8.04× 10−4 6.89× 10−2

KNM8
Value 0.980 61 0.004 59 0.012 77 0.989 29 2.784 15
Precision 1.96× 10−4 1.13× 10−2 1.13× 10−2 1.06× 10−4 9.46× 10−3

Trueness 1.24× 10−3 7.85× 10−2 5.53× 10−2 6.95× 10−4 7.31× 10−2

KNM9
Value 0.972 15 0.006 68 0.019 13 0.985 06 2.863 86
Precision 9.22× 10−5 6.17× 10−3 2.55× 10−3 6.55× 10−5 6.64× 10−3

Trueness 1.64× 10−3 7.61× 10−2 5.43× 10−2 9.02× 10−4 7.05× 10−2

KNM10
Value 0.974 65 0.009 04 0.014 15 0.986 25 1.566 67
Precision 1.32× 10−4 4.62× 10−3 7.16× 10−3 8.03× 10−5 8.11× 10−3

Trueness 1.57× 10−3 7.41× 10−2 5.47× 10−2 8.72× 10−4 6.84× 10−2

KNM11
Value 0.976 93 0.005 02 0.015 88 0.987 38 3.165 25
Precision 1.30× 10−4 1.23× 10−2 4.13× 10−3 7.95× 10−5 1.05× 10−2

Trueness 1.05× 10−3 7.70× 10−2 5.49× 10−2 8.18× 10−4 7.14× 10−2

Average
Value 0.972 74 0.006 88 0.018 16 0.984 15 2.535 30
Precision 2.07× 10−4 1.32× 10−2 6.83× 10−3 1.67× 10−4 1.19× 10−2

Trueness 2.79× 10−3 7.18× 10−2 6.50× 10−2 8.22× 10−4 6.00× 10−2
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5.2.2. Hardware stability

Regarding the hardware of the LARA system, only the CCD detector, and the spectrometer
caused any problems at all. The original PIXIS 2k CCD had to be exchanged for a PIXIS
400B2 in March 2020 (in between KNM2/KNM3) because the aging PIXIS 2k CCD detector
(purchased in 2009) had developed TimeOutErrors with increasing frequency, causing the
loss of about 1-5 spectra per day. As a preventive measure, the CCD was therefore replaced
before the start of KNM3.

During KNM5, the internal shutter of the HTS spectrometer, which is usually opened and
closed for every Raman measurement, started to cause problems and would become stuck
in either one of the positions for prolonged times, affecting the data taking. Since replacing
the mechanical shutter mechanism would require a large intervention at the spectrometer
(if it were possible at all), it was decided to leave the shutter in the ‘open’ position for all
future measurements.

For the evaluation of the stability of the hardware, data from the latest complete measure-
ment campaign, KNM10, are shown and discussed. At the time of the KNM10 data taking,
every hardware component was already at least five years old and was in operation for at
least half of every single year. Therefore, any hardware problems would have more time to
manifest themselves, and would be more likely to appear. In addition, there was a problem
with the software of the LM-10 power meter (see Figure 4.1) during KNM1-7, and it could
not be used for the external power monitoring during these campaigns; in KNM10 it could
be used again, and provides helpful insight.

In total, six hardware stability parameters were investigated; these are summarized and
described in the following list. The statistical histogram data is shown in Figure 5.3, and
the corresponding data evolution during KNM10 is shown in Figure 5.4. The hardware
itself was already described in Section 4.1.

• CCD temperature: The 2D light sensor of the CCD-detector is constantly cooled via
thermoelectric cooling to minimize the dark current and thus the dark noise. The set
temperature in operation is −75.0◦C. According to the temperature read-out, this
temperature is always reached (except for one international warm-up), and stable is
within the numerical precision of the read-out, namely 0.01◦C.

• Water chiller temperature: The laser head is installed on a water-cooled baseplate.
In operation, the water chiller set temperature is 24.0◦C. This is the most stable set
value as shown in Ref. [Fis14]. The water chiller can keep the temperature of the
cooling water stable at (24.000± 0.018)◦C (0.73% relative) during the full 1300 h of
the KNM10 campaign.

• Laser output power: The set value is 4W, and according to the internal readout of
the laser, the value is maintained at (4.000± 0.002)W (0.05% relative).

• External power meter: According to the external power meter, the laser power is
stable to 0.65% relative. This is one order of magnitude worse, when compared
to the internal readout of the laser. However, this is not surprising, considering
that the power meter is positioned at the end of the optical beam path in the
double-pass configuration. At this point, the laser beam has already passed several
lenses, the Glen-Taylor polarizer, and several optical windows. The laser power
arriving at the position of the LM-10 power meter is only (0.2453 ± 0.0016)W.
During the initial commissioning, in Ref. [Fis14], the power meter was placed in the

2both from Teledyne Princeton Instruments, Trenton, New Jersey, USA
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beam path without any windows or lenses present. In Ref. [Fis14], the measured
value was (4.558± 0.004)W (0.09% relative). When comparing these two values, it
appears that the power stability measured at present using the LM-10 sensor head
is worse than during commissioning of KATRIN LARA. However, predominantly
this is a consequence of the measurement resolution of the LM-10 sensor head,
which according to the manufacturer’s data sheet is 1mW. Thus, at the low power
values received at the current measurement position, the readout becomes resolution-
dominated. In Figure 5.3 power readings for the laser-internal (i.e., at the laser
output) and laser-external (i.e., after passage through all optical components in the
LARA beam path) measurements are compared. From those data and the comparison
to the original commissioning data one can deduce that the absolute power stability
has not deteriorated. It is noteworthy that, while the externally measured power
data are seemingly less precise, as a bonus, a comparison between the continuously
monitored laser-internal and laser-external values will reveal any deterioration of
optical components in the LARA beam path, and thus help in deciding when to
service certain optical elements.

• Laser head / base temperature: These values show the largest variations of the
hardware parameters, only being stable for a couple of hours at a time. They are also
almost 100% correlated, with an offset of about 4◦C. However, the overall spread of
the variations is small with 0.2% relative for the laser head temperature and 2.7%
for the laser base temperature, respectively.

In summary, the hardware stability is excellent and has not worsened since the first
commissioning of the components in 2014 [Fis14].

Figure 5.3.: Histograms of hardware parameters of the KATRIN LARA system during
KNM10. In every histogram, a Gaussian distribution, and the corresponding mean (µ)
and standard deviation (σ) are included. The corresponding time series data is shown in
Figure 5.4. Details can be found in the text.
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Figure 5.4.: Time evolution of hardware parameters of the KATRIN LARA system during
KNM10. The corresponding histogram data is shown in Figure 5.3. Details can be found
in the text.

5.2.3. Combination with activity measurements during the ‘very first tritium
(VFT)’ and ‘first tritium (FT)’ campaigns

During the first KATRIN measurement campaigns with tritium in 2018, referred to as
‘Very First Tritium’ (VFT) and ‘First Tritium’ (FT), only small amounts of tritium
(ϵT < 1%) were circulated in the WGTS. As Deuterium (D2) was used as the main carrier
gas; because of the permeator in the inner loop tritium, the tritium was mostly present in
the form of DT [Ake20b].

The KATRIN LARA system is optimized for the measurement and analysis of high-tritium
purity gas-mixtures. To measure the gas mixture accurately during the VFT/FT campaigns
without increasing the acquisition time was a challenge, specifically on the data analysis.
In order to fulfill the KATRIN requirements and provide an accurate result, different data
analysis strategies were employed. In relation to that, the LARA results were combined
with the activity measurements of the FBM.
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Representative for the (V)FT-campaigns, the time series data of the DT-concentration
from a single KATRIN run is shown in Figure 5.5a. The run length is about three hours
(3 hour), and is divided into different sub-runs corresponding to different high voltage
set-points of the MS (see Figure 2.5). As for the set-point with lower energies, more
electrons can pass the MAC-E-filter, these sub-runs can be shorter and still reach the
necessary statistics [Ake22a]. Therefore, when the time series data is shown as a function
of the sub-run as in Figure 5.5a, the timescale is not linear. Note that LARA data was
recorded every 60 s, and there are sub-runs which are shorter and thus do not contain a
LARA value. During the (V)FT-campaigns, because of the low tritium content and the
corresponding small Raman peak (see e.g. Figure 5.1), the precision that is reached is only
about δcDT ≈ 0.4%. As established earlier in this section and in Section 2.3, this directly
contributes to the systematic uncertainty in the KATRIN experiment. Two complementary
methods were applied to improve the precision and thus to mitigate the impact of the
systematic uncertainties.

(a)

(b)

Figure 5.5.: DT-concentration during a selected run of the FT campaign. (a) With moving
average of 600 s and 1800 s. (b) Combination of LARA and FBM data according to Eq. 5.3.
Details can be found in the text.
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Moving average

In addition to the time series data, Figure 5.5a also shows the DT-concentration with
different moving averages, with averaging windows of 600 s and 1800 s, respectively. This
improves the precision to about δcDT ≈ 0.2% because the short-time fluctuations are
removed. However, this can introduce an unknown systematic shift on the neutrino mass
and is thus not recommended overall.

Use of FBM data

The FBM directly monitors the source activity, A. During the (V)FT-campaigns, the
FBM data showed a long-term drift of about 0.4-1.0%d−1, but was significantly more
precise than LARA on short time scales. Assuming that the source activity is directly
proportional to the DT-concentration, i.e., A ∝ cDT, the FBM data can be combined with
the LARA data, to improve the precision of the latter, according to

µ(cDT, Subrun) =
µ(cDT, Run)

µ(AFBM, Run)
· µ(AFBM, Subrun). (5.3)

Here µ denotes the mean value of the respective (sub-)run. The mean DT-concentration
of the run is normalized to the mean activity as measured with the FBM for the same
run. Multiplying this with the mean value of the activity in a given sub-run, the effective
DT-concentration in the sub-run can be estimated. Applying this to the previously shown
KATRIN run, results in a precision of δcDT ≈ 0.1%, reaching the KATRIN requirement,
while at the same time maintaining the sensitivity to short-term fluctuations. This is shown
in Figure 5.5b for a single run and in Figure 5.6 for all FT runs.

Figure 5.6.: Effect of the combination of LARA and FBM data for a set of runs of the
VFT campaign. Top: DT-concentration cDT with statistical error bars ∆prec.cDT. Bottom:
Relative statistical uncertainty δprec.cDT Details can be found in the text.
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5.3. Intensity calibration with the standard reference material (SRM)
2242

The KATRIN LARA system was calibrated repeatedly since its commissioning more than
a decade ago, using an SRM 2242 fluorescence standard (see Section 4.1.4). Since the SRM
2242 is certified for 180◦ Raman system, but is used for the calibration of the 90◦ Raman
system ‘KATRIN LARA’, the calibration is not straightforward. The SRM 2242 has to
be positioned in such a way that the laser beam passes the SRM sample as close to the
surface as possible. This is achieved by a positioning procedure in which the laser beam
spot is monitored using a webcam [Zel17].

This positioning procedure is done at least ten times (j = 10) to determine the uncertainty
of this procedure and finally the spectral sensitivity. In addition, NIST uses a polarization
scrambler for the certification measurements, and it is recommended to use one for the
intensity calibration [NIS08]. However, it can be demonstrated that instead of polarization-
scrambling, one can use a λ/2-plate to rotate the polarization of the incoming laser light by
±45◦ [Rup12; Sch15b]. The mean of these two measurements is equivalent to a measurement
with a polarization scrambler. Therefore, for every position of the SRM 2242 two spectra
with ±45◦ are recorded. Note that in specific measurements, e.g. for the direct comparison
of two different SRM, this step can be skipped.

The completed measurement procedure and data analysis required to determine the spectral
sensitivity is summarized in flow-chart representation in Figure 5.7. The background signal
without laser light is subtracted from every measured spectra to remove signal from stray
light. Finally, the measured and theoretical intensities of the SRM are normalized to 1 at
the same wavelength3, before the spectral sensitivity is calculated as the ratio of the two
intensity curves. This is performed for every vertical bin (i) of the CCD detector. This
is repeated j -times to obtain multiple spectral sensitivity curves that can be analyzed to
determine the systematic uncertainty of the positioning method.

Figure 5.7.: Schematic flow-chart illustration of the data analysis of the SRM 2242 mea-
surements. Measured input quantities are shown in orange, predefined input quantities in
blue, data operations in red and output quantities in green. Image adapted from [Zel17].

3Usually at 624 nm because the uncertainty of the data provided by NIST is smallest at this point.
However, in principle other normalization wavelength can be used.
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5.3.1. Challenges encountered

Although, the demonstration of intensity calibration with the SRM 2242 was established
in Refs. [Rup12; Sch14; Sch13a; Zel17], there were open questions regarding the long-term
operation of the LARA system.

1. The SRM 2242 certification was only valid until the end of 2018 [NIS08]. Over a year
later, as described in Section 4.1.4, the SRM 2242a was made available by NIST [NIS19].
The SRM 2242a has an entirely different form factor and would require a complete
redesign of the LARA calibration cell for it to be usable for intensity calibration.

2. The long-term aging effects on the material properties of the SRM 2242 are unknown.
These need to be quantified and and it has to be proven that the aging of a standard
does not impact the intensity calibration.

3. Some KNM campaigns had to be performed without evacuating the inner loop of the
WGTS in between them. Therefore, the LARA cell remained filled with a tritium gas
mixture during the short maintenance time, and could not be removed from the cell
holder. This made it impossible to install the calibration cell and perform the calibration.
Instead of the planned calibration interval of one calibration per 60 days, the timespan
between calibrations was on average much larger and up to a full year.

The systematic investigations and solutions regarding these challenges are presented here.

Table 5.2.: Summary of the intensity calibrations in between KNM campaigns and mainte-
nance work that potentially changes the spectral sensitivity of the system.

Before the start of the campaign
Campaign Maintenance work Calibrated? Date

VFT yes 18/05/2017
FT yes 27/07/2018

KNM1 Realignment of the beam path yes 20/02/2019
KNM2 yes 01/09/2019

KNM3 Exchange of the CCD detector (10/03/2020) yes 12/03/2020
from PIXIS:2K∗ to PIXIS:400B∗

KNM4 yes 27/08/2020
KNM5 yes 23/02/2021
KNM6 no -
KNM7 no -
KNM8 no -
KNM9 no -
KNM10 yes 14/06/2023
KNM11 no -

(*) Both from Teledyne Princeton Instruments, Trenton, New Jersey, USA
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5.3.2. Validity of the SRM 2242 certification

One possible way to demonstrate that the spectrum emitted from the employed SRM 2242
can still be used for the calibration of a Raman system, even when the certification is
expired, is to calibrate the expired SRM against a new and certified SRM 2242a.

However, there are two main problems associated with such a re-calibration:

(i) The employed SRM 2242 is considered contaminated4. The standard activity mea-
surement of the TLK is a so-called wipe-test, which could alter the properties of
the SRM 2242 by leaving residual material on the glass slide. Therefore, the direct
re-calibration has to be made by placing the new SRM into the same glove box.

(ii) The new SRM 2242a, the only available reference material for Raman systems with
laser excitation of 532 nm with valid certification, has entirely different dimensions
compared to the original SRM 2242. Therefore, a new calibration cell design is
necessary, which - according to experience - is a time-consuming task, and could
introduce new systematic effects and uncertainties, complicating the comparability of
results.

In order to avoid these problems, an indirect re-calibration can be used: During the
finalization of the studies regarding the calibration of the LARA system in 2017, a total
of three different SRM 2242 standards were used and compared to one another [Zel17].
It was found that with the developed calibration procedure, the spectra from the three
SRM samples agreed with each other within the uncertainties provided by NIST. One of
the SRM was then brought into the KATRIN LARA glove box appendix and used for all
successive calibrations of the KATRIN LARA system (called LARA-SRM in the following).
The second SRM was moved to the TriHyDe glove box and used for calibrations of the
TriHyDe LARA system [Nie21b]. The third SRM was stored in the laser laboratory of
the TLK (called Lab-SRM in the following).

If aging of the material affected the LARA-SRM and the Lab-SRM to a similar extent, it
is possible to make a statement about the LARA-SRM by measuring the Lab-SRM. This

Figure 5.8.: Direct and indirect calibration traceability procedure for the KATRIN LARA
system. Details can be found in the text.

4According to TLK standards, everything leaving the glove box environment is treated as radioactively
contaminated until activity measurements prove the opposite.
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procedure and the changed calibration traceability diagram is summarized in Figure 5.8.
More specifically, the Lab-SRM can be re-calibrated against a new, certified SRM 2242a. If
(i) the spectra emitted by the Lab-SRM and the SRM 2242a agree, and (ii) the assumption
about the aging of the LARA-SRM and the Lab-SRM is valid, then the spectra from the
LARA-SRM and the SRM 2242a should also agree. In the following, the validity of both
these conditions is addressed.

For proving the first point, i.e., the comparative spectral measurements of Lab-SRM and
SRM 2242a, a simple laser Raman system was set up in the laser laboratory of the TLK.
Since in these measurements only the general properties of the SRM are of interest, there
was no need to mimic the setup of the KATRIN LARA system; instead a 180◦ scattering
geometry (as used by NIST) can be employed. This removes the additional uncertainty
that is introduced in 90◦ scattering geometry by the positioning procedure. In addition,
this enabled the use of a µRa-systems (described in Ref. [Pri22]), making the setup easy
and removing the need for any optical alignment. The µRa-systems are equipped with a
laser and detection system in 180◦-scattering configuration. As a consequence of using a
µRa-system for detection, all recorded spectra are one-dimensional, in contrast to the two-
dimensional images recorded with the typical spectrometer and CCD-detector combination
(see Section 4.1.2). This makes data analysis and comparison of the two SRM standards
easier and straightforward; although some finer details in the spectra may be lost because
of the lower spectral resolution of the µRa-system.

In Figure 5.9, the spectral sensitivity of the test setup from a calibration with the Lab-SRM
and the SRM 2242a is shown. In the spectral intervals [560 nm, 600 nm] and [690 nm, 720 nm]
the difference between the curves is noticeable, but still < 1.3%. However, in the KATRIN
relevant region (600 nm, 690 nm), which contains all Q1-lines of the hydrogen isotopologues,
the differences are < 1% and mostly within the uncertainty limits provided by NIST.
For example, at the Q1-branch of T2 (at ∼ 612 nm) the difference is only 0.7%. This is

Figure 5.9.: Difference between spectral sensitivity using Lab-SRM and SRM 2242a. Top:
Mean spectral sensitivity with 1σ standard deviation. Bottom: Relative difference between
the mean spectral sensitivity. The KATRIN relevant wavelength range (600 nm, 690 nm) is
marked. In addition, the red line indicates an upper limit for the difference in a KATRIN-
like scenario (ϵT > 95%, κ ≈ 2) as shown in Figure 5.10. Details can be found in the text.
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smaller than the typical systematic uncertainty (∼ 1.0%) associated with the calibration
procedure in the 90◦ scattering configuration [Zel17]. In conclusion, the differences between
Lab-SRM and SRM 2242a within the KATRIN relevant wavelength region are negligible
when compared to the overall uncertainties. Thus, even though the Lab-SRM will certainly
have aged, and the certification is no longer valid, it can still be used for the calibration of
the KATRIN LARA system without any restrictions or disadvantages.

Second, the assumption that the aging of Lab-SRM and LARA-SRM are comparable needs
to be discussed. In Ref. [NIS19] it is stated: ‘The glass substrate is susceptible to surface
corrosion when exposed to elevated levels of humidity. Therefore, when not in use it is
strongly recommended that the SRM unit be stored in an environment with a stable humidity
of 20% or lower.’

On the one hand, the Lab-SRM was stored in an open container in the laser laboratory.
Even though the laboratory is equipped with an air conditioning system, it is not always in
use and the humidity is neither controlled, nor monitored. Since it is a laboratory, which is
in regular use, it can be assumed that the humidity is between 40-60%. Even though the
Lab-SRM was not stored in optimal and recommended conditions, the calibration result
agrees with a new SRM 2242a, as highlighted in the previous paragraph.

On the other hand, LARA-SRM was stored in a glove box filled with 98% N2 and
2% O2. The gases are constantly circulated, cleaned and dried as part of the tritium
retention system (TRS). The mean temperature and relative humidity in the glove box
were T = (26.5± 1.6)◦C5 and RH< 1%6 on average over the last year.

It is therefore a substantiated assumption that the LARA-SRM is in an overall better
condition than Lab-SRM and was less affected by aging and humidity. In conclusion, this
demonstrates that even though the validity of the certification of LARA-SRM is expired,
and it cannot be accessed for a direct re-calibration, it is justified to use the LARA-SRM
for the intensity calibration of the KATRIN LARA system. In the next section, the actual
long-term evolution of the spectral sensitivity of the KATRIN LARA system is presented.

5.3.3. Stability and reproducibility of the system’s spectral sensitivity over time

As described in Section 5.3.1, the calibration could not always be performed in between
every KNM campaign. All calibrations of the KATRIN LARA system are listed in Table 5.2.
In addition, the maintenances actions and other changes to the LARA system are noted. If
anything was changed during the maintenance period, the spectral sensitivity cannot be
compared directly to the previous calibration. After the exchange of the CCD-detector in
2020, four campaigns with linked intensity calibration can be identified: KNM3, KNM4,
KNM5, and KNM10; covering about three years. Using data from these campaigns, the
temporal evolution of the spectral sensitivity of the KATRIN LARA system can be studied.
In order to quantify the change over time, two methods are employed:

(i) Direct comparison of the spectral sensitivities, including their respective uncertainties.

(ii) Re-analyzing the LARA data with the spectral sensitivity from a different period,
e.g. using the KNM5 spectral sensitivity to analyze the KNM3 data and vice versa.
This can be described as sort of a round-robin data analysis. In contrast to the
first method, this method allows directly quantifying how the KATRIN-relevant
parameters are affected.

5Internal sensor name for reference: ISS-A-RT201
6Internal sensor name for reference: ISS-A-RM201
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Direct comparison

As the KATRIN requirements (see Eq. 5.1) are stated in relation to {ϵT, κ}, it is useful to
calculate the requirements in terms of the uncertainty of the intensity calibration. The goal
is to answer the question: ‘When the operator of the KATRIN LARA system measures
the spectral sensitivity of the system, is there a simple formula that they can check, to
determine if the observed variation in the spectral sensitivity is within the region that is
allowed by the KATRIN requirements?’

In general, the calibration uncertainty ∆calX (X = cQ2, ϵT, κ) is given by

∆calX =
√
∆η2 + (∆theo.X)2, (5.4)

where ∆theo.X is the theoretical uncertainty [Roy11; Nie21a; Nie21b], and ∆η is the total,
system-specific spectral sensitivity uncertainty, which itself is given by

∆η =
√
(∆NISTη)2 + (∆meas.η)2, (5.5)

where ∆NISTη is the uncertainty stated by NIST [NIS08], and ∆meas.η the uncertainty
associated with the calibration procedure [Sch15b; Zel17]. Note that the uncertainties
related to the spectral sensitivity are two-dimensional arrays, and thus a function of the
(x,y)-pixels on the CCD detector [Sch15b]. Using the equations 5.4 and 5.5, the definitions
of {ϵT, κ}, and Gaussian uncertainty propagation without correlations (formulas are given
in Appendix A), the KATRIN requirements can be used to calculate requirements on δη.
The results of these calculations are summarized in Figure 5.10. The following observations
can be made:

• For ϵT, the calculations for the uncertainty strongly depend on the actual value of ϵT.
Therefore, the calculations are performed for three different scenarios: (i) ϵT > 97%,
which is assured in the standard KATRIN operation mode [Stu21], (ii) ϵT ≈ 90%,
and (iii) ϵT ≈ 80%.

• None of the curves start at (0,0), since according to Eq. 5.5, ∆calη = ∆theo.η for
∆η = 0. The uncertainty of the theoretical calculations therefore constitutes a lower
limit on the total calibration uncertainty ∆calη.

Although in reality ∆η is a function of the wavelength λ (x-pixel of the CCD), with a
minimum typically around 630 nm, for the calculations here a ‘worst-case’ scenario is

(a) ϵT (b) κ

Figure 5.10.: Upper limit on the calibration uncertainty. Details on the definitions and
calculations can be found within the text.
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assumed, namely that the uncertainty is uniform on the complete spectral range. As a
consequence, it can be assured that the limits derived here are indeed upper limits and are
not underestimated.

In the KATRIN-like scenario, the relative uncertainty of the spectral sensitivity can even
surpass 50% and the requirements on ϵT are still fulfilled. Even with a lower tritium purity
of only ϵT ≈ 80%, there is no stringed requirement on the spectral sensitivity uncertainty of
δη < 15%. This is not the case for the HT/DT-ratio κ. Here, the evolution of the relative
uncertainty δκ is not dependent on the gas composition7, and therefore the uncertainty
is more sensitive to changes in the uncertainty of the spectral sensitivity. Even a relative
uncertainty of the spectral sensitivity δη > 5% would lead to an uncertainty on κ that is
not acceptable for the KATRIN experiment.

Thus, in summary, as long as

δη =
∆η

η
< 0.05 ≡ 5% (5.6)

is fulfilled, the KATRIN requirements on the tritium purity ϵT and the HT/DT-ratio κ are
also fulfilled. Note that the opposite is not necessarily true. As for the KNM10 data shown
in Figure 5.11, if the spectral sensitivity uncertainty in the region of the H2-peak is above
5%, the KATRIN requirements can still be fulfilled. Thus, in the case of δη > 5%, the
data needs to be analyzed in more detail to determine whether the KATRIN requirements
are still fulfilled.

(a) (b)

Figure 5.11.: Direct comparison of mean spectral sensitivity in the KNM3-5 campaigns.
(a) Mean spectral sensitivity of bins i = 3, ..., 18 with 1σ-uncertainties. The line positions of
the hydrogen isotopologues Q2 are indicated. (b) Difference relative to KNM3 at positions
of the hydrogen isotopologues. The maximum for the KATRIN requirements are indicated
with red dotted lines. Details on the definitions and calculations can be found within the
text.

7As shown in Appendix A
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Round-robin data analysis

For the round-robin data analysis, the four aforementioned data sets are used. Each data
set contains about 10 hour of LARA data that was selected randomly, using two criteria:
(i) the data should correspond to KATRIN measurement runs during the β-scan time, and
(ii) the source gas composition should be stable for the full 10 hour periods - a changing
source gas composition can also be used; however, this severely complicates data analysis.
The data sets are taking from the KNM3, KNM4, KNM5, and KNM10 campaigns (these
are the campaigns that are preceded by an intensity calibration, see Table 5.2).

During KATRIN operation, analysis parameters were adjusted from time to time; to
remove this influence on the round-robin analysis, all analysis inputs are fixed apart from
the intensity calibration array. Note that due to this restriction, the results change, and
the values do not agree with the results presented in other sections of this work, or in other
works. Each data set is re-analyzed four times, e.g. , the KNM3 data set is analyzed using
the intensity calibrations from KNM3, KNM4, KNM5, and KNM10; thus one ‘correct’
intensity calibration, and three ‘incorrect’ intensity calibrations are used. The re-analysis
is done using LARASoft2, and includes all analysis steps shown in Section 4.1.3.

The resulting tritium purity ϵT from the KNM4 and KNM10 data sets is shown in Figure 5.12,
while the complete results for all four sets are given in Figure 5.13. In Figure 5.12, the
tritium purity ϵT from the KNM4(10) data set, analyzed with the four different spectral
sensitivities η, is shown in a single plot with different regions corresponding to the different
η. As expected from Figure 5.11, there is a difference, when using different η(KNMx) for
the intensity calibration of up to ∆rrϵT ≈ 0.1%. However, this is significantly smaller than
the calibration uncertainty ∆calϵT ≈ 0.3%, and one order of magnitude smaller than the
KATRIN requirements given in Eq. 5.1.

Figure 5.12.: Round-robin data analysis of the intensity calibration. Shown are the KNM4
and KNM10 data sets with the spectral intensity correction from KNM3,4,5, and 10. Details
can be found in the text.

86



5. Long-term operation of the KATRIN LARA system during KNM1-KNM11

(a) (b)

Figure 5.13.: All values of the round-robin data analysis of the spectral sensitivity. Shown
are the KNM3,4,5, and 10 data sets with the spectral intensity correction from KNM3,4,5,
and 10. Details on the definitions and calculations can be found within the text.

5.4. Concluding remarks

The KATRIN LARA system has been in operation for all KNM campaigns with a minimal
unplanned downtime of only 0.36% during β-electron data taking. For all measurement
campaigns, the LARA system fulfills the KATRIN requirements (see Equation 5.1) for
the 200meV-goal (see Table 5.1). In addition, it was shown how the combination of LARA
and FBM data can be used to improve the precision of the LARA data in low tritium
purity ϵT < 1.0 operation. It can be expected that the LARA system will also fulfill the
requirements in the upcoming KNM campaigns.

Moreover, the studies presented in this section demonstrated the successful use of an SRM
2242 standard over several years of KATRIN LARA operation. It was shown that both
the spectrum produced by the SRM 2242 standard, and the spectral sensitivity of the
LARA system, are stable over a minimum timeframe of three years (provided that no
system components are changed).

As for now, the LARA-SRM can still be used for the calibration of the KATRIN LARA
system. It shows no signs of deterioration, and even the Lab-SRM that was stored in an
environment with higher humidity could still be used for an intensity calibration that is
sufficient to fulfill the KATRIN requirements on the tritium purity and the HT/DT-ratio.

The new SRM 2242a should be used in regular intervals, to assess the of stability of the
Lab-SRM. If large changes (> 5%) were observed, this should trigger a reexamination of
the LARA-SRM. In addition, a new calibration cell could be developed that would allow
the direct use of the SRM 2242a standard with its changed form-factor for the intensity
calibration of a LARA system. However, it should be noted that the certification of the
SRM 2242a standard is only valid until 31/12/2024. At the time of writing, it is not clear
whether NIST will re-release the SRM 2242a with an extended certification, or if a new
standard material, with a new form factor and new properties will be released, making
a new calibration cell design obsolete. Note that between the end of the certification of
the SRM 2242 and the release of SRM 2242a more than one year passed, during which no
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certified reference material was available; this could also happen at the end of the SRM
2242a certification.

With regard to the calibration interval, it was shown that the spectral sensitivity of the
system is stable enough that about one calibration procedure every few years was sufficient.
This is in contrast, to the previously recommended calibration interval of 60 days [Fis14]. As
stated in the introduction section, often between KATRIN measurements campaigns, the
Inner Loop - including the LARA cell - is not always evacuated (e.g. because the tritium
in the WGTS is needed for studies of systematic effects in the KATRIN experiment),
which renders a calibration impossible because the LARA cell cannot be exchanged for the
calibration cell. During most years, there is at least one longer maintenance break that
can and should be used for the calibration of the LARA system. Regardless, even though
the spectral sensitivity was stable within the last three years, having more data points is
always useful to quantify an effect. When the LARA cell is evacuated, the calibration is
rather fast (about two working days) and low-risk for the KATRIN operation.
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6. Commissioning and characterization of the
confocal Raman microscope (CRM)

This chapter discusses commissioning and characterization measurements of the Confocal
Raman Microscope (CRM) which was constructed within the framework of this thesis.
The experimental setup, including the tasks and properties of the individual subcomponents,
is described in detail in Section 4.2; unless stated otherwise, all measurements are performed
with the CRM configuration presented therein. This chapter is structured as follows.

In Section 6.1 the aim of the studies in this chapter is given; including a brief overview of the
critical experimental parameters, and the methods and samples used. The determination
of the spectral resolution and the spectral range is presented in Section 6.2. Following
this, the determination of the spatial resolution, both in the lateral (Section 6.3) and axial
(Section 6.4) directions, is described.

In Section 6.5 the topic of intensity calibration using a SRM2242a standard is addressed.
Subsequently, two important hardware related quantities are demonstrated: the positioning
reproducibility of the employed motorized stage in Section 6.6, and the laser power stability
in Section 6.7.

In Sections 6.8 and 6.9, two benchmark CRM measurements are discussed: (i) the study
of multi-layer graphene to determine the number of layers from the Raman spectra; and
(ii) the comparison of the Raman images with different imaging techniques, namely light
microscopy and Scanning Electron Microscopy (SEM).

Finally, in Section 6.10, the performance of the system is evaluated in relation to the
requirements for the quantitative study of tritium-exposed graphene, as those described in
Chapter 7 and required in future efforts of the TLK.
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6.1. Motivation and overview

The characterization of microscale samples with a Raman microscope is associated with
a number of fundamental practical aspects of analytical instrument performance and
experimental design. To distinguish the Raman signal of one chemical component from
another on a sample requires proper alignment of the CRM, understanding of the spectral
and spatial resolution of the system, and hardware stability and reproducibility, to ensure
sufficient measurement accuracy. These aspects of the CRM were studied and the results
are presented here.

Throughout this chapter, numerous samples are used multiple times. In the following list,
an overview and key details of these samples is given:

• Graphene-on-quartz: A monolayer of graphene on a 500 μm-thick quartz substate.
The substrate is transparent to visible light (> 97%), is 1 cm× 1 cm large, and fully
covered (> 95%) with graphene. The manufacturer is Graphenea1.

• Graphene-on-SiO2/Si: The substrate is made of a silicon (Si) monocrystal with a
<100> surface orientation, that is covered with 90 nm of SiO2 on both sides. The
total substrate thickness is (525 ± 20) μm. Due to the SiO2 coating, the substrate
looks blue. It is 1 cm× 1 cm in size, and fully covered (> 95%) with a monolayer of
graphene. The manufacturer is Graphenea.

Figure 6.1.: Overview of the GFET-sample. From top-left to bottom-right : Technical
drawing of the complete GFET-sample; zoomed image of one of the GFET-devices on the
sample; Raman image of the central region of the GFET-device; Raman spectra from the
three compounds on the GFET-sample (graphene, Si/SiO2, gold); and a schematic 3D view
of the cross-section of the GFET-sample, highlighting the layer structure. Image adapted
from [Dia22].

1Graphenea, 20009 San Sebastián, Spain
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• GFET-sample This is the Graphene Field-Effect Transistor (GFET) Chip S10 from
Graphenea. The GFET-sample is based on the same substrate as the Graphene-on-
SiO2/Si sample. However, instead of a full graphene coverage, there are 36 individual
graphene areas of varying sizes (from 5 μm× 5 μm to 200 μm× 200 μm) arranged on
the substrate. Each graphene area is contacted with either two (2) or six (6) gold
contacts, which can be used for e.g. Hall measurements on the respective graphene
area. For Raman microscopy, these samples have some advantages compared to
the full-coverage samples: (i) the graphene areas are small enough so that they can
be scanned completely with full spatial resolution, within a reasonable time (see
Section 4.4 for more details on the spatial resolution and sampling), (ii) there are
three different materials (SiO2, gold, graphene) on one sample, and thus (iii) different
material transitions (graphene ↔ gold, graphene ↔ SiO2) that can be studied. The
technical drawing of the S10 chip, a Raman image, and representative Raman spectra
are shown in Figure 6.1.

• Si-Grid-Finder This sample is produced by Micro to Nano2. The 12mm × 12mm
sample is made of a silicon (Si) monocrystal with a <100> surface orientation. A
1mm × 1mm raster grid, composed of chromium (Cr) with a nominal width of
20 μm, is deposited onto this substrate. Each resulting field of the grid has a unique
alphanumeric label in the lower-right corner, with an approximate height of 80 μm. In
addition, the samples are ultra-flat with a total thickness variation ≤ 1.5 μm and warp
≤ 30 μm. Although primarily designed for SEM applications, it has good properties
for the alignment and characterization of the CRM. Namely, these are:

– First, the sample can act as a mirror for the laser wavelength employed (λlaser =
532 nm), due to its high reflectivity of ≈ 37% at this wavelength [Asp83; Gre95].

– Second, it has a strong Raman peak at 520.9 cm−1 [Des09].

– Lastly, as determined experimentally, the thickness of the Cr-lines is sufficient
to completely suppress the Raman peak of Si, providing specific areas on the
sample with no Raman signal. In this chapter, the sample is used in Sections 6.3
and 6.6.

Note that, this sample is also used for the alignment of the wide-field imaging arm of
the CRM [Dia22].

6.2. Determination of spectral resolution

The spectral resolution and spectral range of a Raman system mostly depend on the
employed spectrometer and spectrometer grating. During this work, as described in
Section 4.2.2, a HORIBA iHR 320 spectrometer was used. The spectrometer is equipped
with a 300 gr/mm grating with blaze at 500 nm. This spectrometer and grating configuration,
and the alignment of the system, result in a spectral range of

λR = [516.8 nm, 781.4 nm] ≡ [−556.8 cm−1, 5994.6 cm−1] = ∆ν̃R. (6.1)

The spectral range and the wavelength (λR) / Raman shift (∆ν̃R) calibration are determined
used a spectral calibration pen lamp with Neon3, which provides a sufficiently large number
of Neon emission lines in the spectral range of the CRM for accurate wavelength calibration.
The same pen lamp is also used for the measurements to determine the spectral resolution.

2EM-Tec silicon SEM finder grid substrate, Micro to Nano, 2031 ET Haarlem, Netherlands
3Spectral Calibration Lamp, Neon, Newport Corporation, 92606 California, USA
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The American Society for Testing Materials (ASTM International) suggests
two principal methods to determine the spectral resolution δν̃system of a Raman system
[AST14]. Although, the determination using pen lamps is not the preferred option, it
still yields often adequate results. The main disadvantage of this method is that the line
width of the laser δν̃laser, which can contribute significantly to the spectral resolution, is
neglected. Following Ref. [Liu12], the measured line width of an observed (Raman) line
can be described by

δν̃meas. =
√
(δν̃real/theo.)2 + (δν̃system)2 + (δν̃laser)2. (6.2)

Here a Gaussian approximation of the line profile is assumed. As mentioned, when using
spectral emission lines for the determination of spectral resolution, δν̃laser = 0. Furthermore,
for Neon emission lines δν̃theo. ≪ δν̃system, and thus Eq. 6.2 can be simplified to

δν̃meas. = δν̃system. (6.3)

By fitting a Gaussian function to the measured Neon emission lines, the resolution can be
determined across almost the complete range, as shown in Figure 6.2. As usual, the data is
shown as a function of the Raman shift. As stated in the ASTM International guide,
the resolution is not constant across the whole Raman shift range, ∆ν̃R. The pen lamp
does not emit lines with measurable intensity below < 1715 cm−1; therefore, the spectral
resolution has to be estimated by extrapolation. The mean spectral resolution is δν̃system =
(32.6± 4.0) cm−1, and the maximum spectral resolution is δν̃system = (41.4± 10.7) cm−1.
To provide a conservative estimate, for calculations in this work, the maximum spectral
resolution

δν̃CRM = (41.4± 10.7) cm−1. (6.4)

is used across the full spectral range. Thus, for example, when measuring the 2D-peak of
graphene (at around 2700 cm−1 with δν̃theo ≈ 20 cm−1 [Mal09]), the expected, measured
peak width is:

δν̃meas. =
√
δν̃22D-peak, theo. + δν̃2CRM (6.5)

≈
(√

202 + 41.42
)
cm−1 = 46 cm−1 (6.6)

(a) (b)

Figure 6.2.: Spectral resolution of the CRM. Fitted widths of Neon emission lines with
(a) indication of the mean, standard deviation and min-max values, (b) linear fit with
extrapolation for the complete spectral range.
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From this, it becomes clear that the G-peak (at 1590 cm−1 with FWHM ≈ 30 cm−1) and
the D’-peak (at 1622 cm−1 with FWHM ≈ 15 cm−1) [Eck12], cannot be resolved with the
spectrometer configuration used in this work. As a further consequence of this relatively
low spectral resolution, the system is less sensitive to chemical changes that affect the
width of the graphene peaks.

Finally, the assumption that the laser spectral width δν̃laser can be neglected, is briefly
examined. According to certification by the manufacturer for this specific laser, the spectral
width of the laser is δν̃laser < 0.027 nm =̂ 2.0 cm−1 (see Appendix C). If this is included in
e.g. Eq. 6.5, the result would only change by 0.2 cm−1 and is thus negligible compared to
the uncertainty of the determined spectral width.

6.3. Determination of the laser focal beam diameter

Commercial laser beam profilers, often based on CCD arrays, are widely used to capture
and analyze spatial intensity profiles of laser beams. These devices, which illuminate the
camera sensor directly, are a popular choice. However, their effectiveness is compromised
when dealing with laser beams whose diameter is close to or smaller than the pixel size of
the camera sensor, typically in the range 2-5 μm. This limitation is particularly pronounced
when measuring the spot size of a laser beam focused through a microscope objective,
become the limiting factor. In addition, positioning the beam profiler in the focal plane of
a microscope can be physically challenging.

Therefore, the indirect knife-edge technique is often used as an alternative. This method,
involves intercepting the laser beam with a slit or knife-edge before detection by a pow-
er/intensity detector [Zha17]. The original beam profile is reconstructed by systematically
recording the integral intensity profile for a series of cuts.

In a variant to the standard knife-edge method, one moves the focal spot of the laser beam
across a sharp boundary that exhibits different responses to laser radiation. This is akin to
measuring the integrated laser intensity, which is partially obscured by the knife-edge.

For the determination of the laser beam radius with the knife-edge technique, the beam is
assumed to be a radially symmetric Gaussian laser beam with intensity distribution

I(x, y) = I0 · exp
(
−(x− x0)

2 + (y − y0)
2

w2
,

)
(6.7)

where I0 represents the peak intensity at the beam’s center (x0, y0) and w is the beam
radius, measured at the 1/e point in the intensity distribution [Ara09]. The normalized
transmitted power is given by an integral expression

PN =

∫ x
−∞

∫∞
−∞ I(x′, y)dydx∫∞

−∞
∫∞
−∞ I(x′, y)dydx

. (6.8)

Evaluation of this equation at each position x of the incremental knife-edge scan gives,
according to [Ara09],

PN (x) =
1

2

[
1 + erf

(
x− x0
w

)]
(6.9)

involving the error function (erf). The erf-function is equivalent to the cumulative dis-
tribution function of the standard normal distribution. In the particular knife-edge scan
variant used in this work, PN (x) does not represent the actual laser power, but rather the
Raman response signal resulting from the applied laser power. This approach is particu-
larly effective in combination with a Raman signal response of different molecular sample
compounds.
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For laser spot size determination, two samples with distinct structural ’edges‘ are used:
(i) a Si-grid-finder sample4 and (ii) a GFET-sample5. In addition, the beam diameter is
determined using an image of the laser spot as recorded by the CMOS camera of the CRM.
The results of these three different methods are summarized in Figure 6.3.

6.3.1. Using edge scans of a silicone grid finder sample

For this measurement, the laser beam is focused onto the Si-grid-finder sample, minimizing
its diameter as observed via the CMOS camera of the wide-field imaging arm. Subsequently,
the sample is moved in one direction (termed a ‘horizontal’ scan), in step increments of
∆S = 0.5 ≡ 0.625 μm across four consecutive grid lines, both in forward and backward
directions. The scan over a single Cr-grid line is illustrated in Figure 6.3a. The average
over the eight leading/trailing edges of the four grid lines contained in the scan yields an
average focal beam diameter (FBD) of

FBD = (7.23± 0.13) μm (6.10)

on target. Additional observations and insights are derived from this grid-finder scan.

• First, the spacing between Cr-grid lines was determined experimentally as 800 ± 0.2
steps, which is equivalent to (1000.00± 0.25) μm. This agrees with the nominal grid line
spacing, falling within the uncertainties of the mechanical accuracy of the stepper driver
of the translation stage.

• Second, the experimental width of the Cr-grid lines, as determined from the half-intensity
points of the knife-edge scan(s), is found to be wS = (20.7 ± 0.3) μm. This value is
slightly larger (about 2-3 %) than the nominal value stated in the data sheet, which is
most likely associated with the uncertainty in the analysis methodology based on Eq. 6.9.

• Finally, various structured reference materials are well-suited for applying the knife-edge
method in confocal (Raman) microscopy. Träg̊ardh et al. [Trä15] employed a simple
transmission electron microscopy (TEM) grid specimen. When very high magnification
is required, as in the case of using a 100x objective, substrates with ultra-precise edge
structures on a smaller scale become necessary. In this latter context, Itoh and Hanari
[Ito20] utilized a tungsten-dot array on a silicon substrate as a certified reference sample
in their confocal Raman microscope, enabling them to determine the lateral resolution
of their system and, in turn, the laser focal beam diameter on target.

6.3.2. Using edge scans of a graphene-gold sample

A different approach is demonstrated by Sacco et al. [Sac21]. It involves using a graphene
layer on a Si-substrate to determine the laser spot size. This method underscores the
principle that samples with a sharp transition between materials can effectively determine
the laser beam waist using the knife-edge method, even in the absence of a standard
reference like a grid-finder sample. In this work, a line scan data-subset from a raster scan
of a GFET sample6 across the graphene boundary is extracted. The evaluation of this
‘edge’ scan yields

FBD = (7.10± 0.40) μm (6.11)

on target (see Figure 6.3b). In addition, two key observations emerged from this analysis:

4EM-Tec silicon SEM finder grid substrate, Micro to Nano, 2031 ET Haarlem, Netherlands
5GFET-S10 from Graphenea, 20009 San Sebastián, Spain
6GFET-S10 from Graphenea, 20009 San Sebastián, Spain
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Figure 6.3.: Determination of the laser focal beam diameter (FBD) on the target surface. (a)
Line-scan across a Cr-grid-line of the Si-grid-finder sample. The extracted intensity is fitted
using Eq. 6.9. (b) Line-scan on a GFET sample. The extracted intensity is fitted using
Eq. 6.9. (c) Laser beam spot imaged onto the CRM CMOS-camera, and the determination
of the beam waist from a Gaussian fit. Details are given within the text. Image adapted
from [Dia22].
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• First, the raster scan map revealed that the edge is not perfectly straight but exhibits
a ‘rugged’ appearance, with varying steepness in the ‘vertical’ scan coordinate. This
suggests that averaging over multiple line scans might be necessary for a more accurate
and reliable result. The x-y structural shape of the edge likely reflects the methods used
in creating and mounting the graphene flake on the GFET substrate.

• Second, the knife-edge data displayed in Figure 6.3b demonstrate an ’oscillatory’ behavior,
leading to a less precise fit when applying Eq. 6.9, especially when compared to data
from SEM finder grid scans. This fluctuation in the Raman data, also noted by Sacco
et al. [Sac21], could be attributed to stress in the graphene flake, particularly near its
edges when mounted on a substrate with a different lattice constant.

6.3.3. Using the wide-field imaging camera

For this method, first, the beam spot size on the wide-field imaging camera is determined.
Using the camera software, a beam profile across the center of the beam spot can be
extracted. This is then plotted over the pixel count and fitted with a Gaussian function, as
shown in Figure 6.3c. Converting the pixel count to the dimension of μm, the focal laser
beam waist on the CMOS sensor is w0,@CMOS = (65.2± 0.5) μm. Using this information,
the spot size on the sample can be calculated by back-reconstruction. Applying Gaussian
beam propagation principles, the relation between the focal laser beam waist on the target
(@sample) and the beam waist on the CMOS sensor (@CMOS) can be expressed as

w0,@CMOS =
λ · fL
π · wf,L

⇐⇒
λ · fobj
π · wf,obj

= w0,@sample = FBD. (6.12)

Here fL and fobj are the focal length of the achromatic lens and the microscope objective,
respectively. The indices ‘0’ and ‘f ’ denote the focused and collimated beam waist param-
eters, respectively; and λ is the laser wavelength. There are two important assumptions
that need to be made to establish the direct back-reconstruction relation given in Eq. 6.12.

• There is exact collimated beam propagation within the CRM, meaning wf,L = wf,obj.
This is not necessarily the case, since the beam from the entrance fiber collimator is
slightly divergent. Therefore, there is an unknown systematic uncertainty associated
with the result from the method.

• Eq. 6.12 is derived for the propagation through thin lenses; neither the objective nor the
imaging achromatic lens can be treated as thin optical elements. Therefore, there is an
additional systematic uncertainty on this method.

Inserting the values λ = 532 nm, fL = 150mm, fobj = 18mm and the experimentally
determined w0,@CMOS = (65.2± 0.5) μm into Eq. 6.12, results in

w0,@sample = (7.5± 0.1) μm ≡ FBD. (6.13)

Note that uncertainty here only stems from the uncertainty of the measurement of the FBD
on the CMOS sensor; no additional uncertainty estimation, regarding the two assumptions
made, is included.

This result is in reasonable agreement with the other two measurements given in this
section, Eqs. 6.10 and 6.11. The most reliable result is given by the method using the
Si-grid-finder since it is a well-defined standard sample, with known lines and line widths,
and many scans over several grid lines can be taken into account for the calculation of the
FBD, with the bonus to conduct statistical error analysis. Nevertheless, the agreement
of all three methods demonstrates that there is not necessarily the need for a standard
sample. In addition, the method using the CMOS camera could be used in the future to
monitor the FBD in-situ during a scan, if the scanned sample is reflective enough to obtain
a clear image.

96



6. Commissioning and characterization of the CRM

6.4. Determination of focal depth

Graphene or ultra-thin graphite are ideal samples to determine the focal depth of a confocal
Raman microscope [Top18; Sac21]. These samples are only a few nm-thick at most, but
produce a strong Raman signal. Here, two different graphene samples from Graphenea
are used; namely a monolayer of graphene on 500 μm quartz, and a GFET sample7 with
a monolayer of graphene on 90 nm SiO2 / 525 μm Si substrate (see Section 6.1 for more
details on the samples).

For the measurements, the focus position was determined using the usual procedure with
the wide-field imaging camera [Dia22]. The respective sample was then moved out-of-focus
by about 200 μm. At this position, the axial (z-direction) scan with a step-size of 5 μm
was started. The axial scan was stopped at about 200 μm below the sample surface. In
total, about 400 μm were scanned in the z-direction. For the most intense Raman lines,
namely the TO-Line of Si(O2) and the 2D-line of graphene, relevant interval slices were
selected, integrated, and normalized to Imax = 1. In addition, for the GFET sample, the
D-peak of graphene is analyzed. The absolute intensity of the D-peak is low (only a few
100 counts above the background signal); therefore, the data is noisier. The results are
shown in Figure 6.4.

Figure 6.4.: Axial (z-direction) scans on two samples to determine the focal depth of the
CRM. (a) Axial scan of the graphene-on-quartz sample. (b) Axial scan of the GFET
sample. For both scans, the axial distance is plotted over Raman peak intensities. In the
representation, the focal depth can be determined by fitting a Lorentzian shape to the
intensity profile. For clarity, this is only indicated in (b). Image adapted from [Dia22].

7GFET-S10 from Graphenea, 20009 San Sebastián, Spain
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For the GFET sample, all three extracted curves agree: approaching the graphene surface,
the intensity increases. When the focal point has passed the graphene surface, the intensity
decreases again. For the graphene on quartz sample, the graphene 2D-peak intensity follows
the same general behavior. However, the intensity of the TO-line of Si(O2) reaches its
maximum when the focal point is about 50 μm below the surface and remains at that value
even at 150 μm below the surface. The reason for this different intensity curve is that, the
quartz substrate is transparent to visible light. In contrast, the laser penetration depth in
crystalline Si is only about 0.8 μm [Top18].

Using the common definition of the focal depth L (Rayleigh length):

L = 2zR =
2πw2

0

λlaser
, (6.14)

a Lorentzian fit to the data in Figure 6.4 is performed to determine the experimental focal
depth of the current CRM configuration, resulting in

Lexp = (44± 5) μm. (6.15)

This is in reasonably agreement (2σ uncertainty) with the theoretical value Ltheo =
(38± 2) μm obtained from the laser spot size measured on target.

6.5. Intensity calibration with SRM 2242a

The CRM has to be intensity-calibrated before the resulting Raman intensities can be
compared with other experiments. The calibration is performed with the NIST SRM2242a
standard material, which was likewise used for the measurements in Section 4.1.4. Compared
to the KATRIN LARA system, the calibration of the CRM is much simpler. The KATRIN
LARA system has a 90◦ scattering geometry, for which the SRM2242a is not designed,
and therefore a specifically developed calibration procedure was required [Sch15b; Zel17].
However, the CRM utilizes the 180◦ scattering geometry for which the SRM2242a is
certified. Therefore, the SRM2242a can simply be placed in the focus of the CRM to
measure the emitted spectrum. The spectral sensitivity of the CRM can subsequently be
calculated (e.g. see Figure 5.7). The resulting spectral sensitivity from such a calibration
measurement is shown in Figure 6.5.

Figure 6.5.: Mean spectral sensitivity of the CRM with 2σ-uncertainty provided by NIST
[NIS19].
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Several important aspects have to be considered regarding the intensity calibration:

• As described in Section 4.1.4, the spectral sensitivity is only one part of the intensity
calibration. For the complete calibration, the theoretical line intensities have to be
calculated and accounted for as well.

• Most published data on Raman spectroscopy of graphene do not include information
about the calibration of the respective system. Therefore, it cannot be ascertained
whether the systems are calibrated, or not: direct comparability of absolute values is
difficult to verify, even with this CRM being correctly calibrated.

• The spectral and spatial resolution of the current CRM configuration is not sufficient
to perform quantitative studies on graphene. All conclusions drawn in this work are
of a qualitative nature. A more accurate intensity calibration is not necessary and
would only insignificantly change the results presented at this point. This statement
is supported by the fact the spectral sensitivity of the CRM is η ≈ 1.0 ± 0.1, as
extracted from Figure 6.5, in the relevant spectral range 1600-3000 cm−1, in which
the graphene Raman peaks are located.

6.6. Positioning reproducibility of motorized stage

For this measurement, the Si-grid-finder sample is placed in the focus of the CRM. Using
the wide-field camera, the grid lines can be easily located since the sputtered Cr-lines reflect
the laser spot diffuse. The laser spot was positioned close to a grid-line and a horizontal
scan, in step increments of ∆S = 2 ≡ 2.25 μm across the grid lines, is performed in both
directions, forward and backward. This bidirectional scan was then repeated several times.
For the data analysis, the TO-line of Si is fitted with a Lorentzian peak and the normalized
intensity is plotted over the scanned coordinate, similar to Section 6.3.1. The edges can
then be fitted with Eq. 6.9. Two representative bidirectional scans are shown in Figure 6.6.

Notably, the position of the transition edges are shifted between forward and backward scans
by (1.8±0.3) μm. This is caused by the inherent backlash in the motorized translation stages.
The measured value is in good agreement with the value given by the manufacturer for the

Figure 6.6.: Bidirectional positioning reproducibility of the motorized stage. The normalized
TO-line intensity of Si of two bidirectional scans of a grid line is shown. The dashed lines
are only for visualization. The solid lines are fits according to Eq. 6.9. For clarity, the fits
are only shown for the right edge.

99



6. Commissioning and characterization of the CRM

bidirectional reproducibility, 2 μm8. In contrast, the measured unidirectional reproducibility
is only about (0.5± 0.1) μm. This is also in good agreement with the value given by the
manufacturer, 0.5-1 μm8.

6.7. Laser power stability

During the commissioning of the CRM, the stability of the laser power output was
determined. High intensity stability is paramount when conducting full raster scans over
larger areas, which can last for one day, or even longer. The output fiber of the fiber-coupled
single mode ‘matchbox’ laser (see Table 4.1) was set up directly in front of a S142C -
integrating sphere photodiode power sensors with a PM100D handheld digital power meter
console, both from Thorlabs9. The output laser power was set to Pset = 25mW. In
addition to the power measurement, internal laser parameters (laser diode (LD) current,
base temperature, and LD temperature) were read out from the device. The laser was
switched on and remained active for the next four days without any interruptions. The
measured laser power and the read-out laser parameters are shown in Figure 6.7. Analyzing
the data, the following observations can be made:

• Both, the base and LD temperature, are stable to ≤ 0.05◦C without any significant
correlations to the LD current, measured power, and day-night-temperature changes of
the laboratory. Both temperatures stabilize within minutes after the laser is switched
on. The base temperature stabilized at (26.650 ± 0.025)◦C and the LD temperature
stabilized at (36.30± 0.05)◦C.

• After about 12 h the measured laser power stabilized to (22.0 ± 0.1)mW. Within the
first 12 h, the measured power changes by ±2mW ≈ ±10%.

• The LD current takes significantly longer to reach a stable value. Only after about 36 h
a stable value of (1250± 20)mA is reached.

• There is a strong anti-correlation between the measured power and the LD current.
While the LD current is increasing, there is a decrease in the measured power.

In conclusion, the laser output power is sufficiently stable after 12 h of operation. However,
the maximal observed change in measured power of ±2mW ≈ ±10% within the first 12 h,
could lead to misinterpretation of qualitative data. This problem can be circumvented
by either (i) starting the laser about 12 h before the data taking, or (ii) measuring and
correcting for the laser power instabilities. Since the CRM is equipped with a laser shutter,
the laser can run continuously without the need to power down between measurements.
Currently, the CRM is used for many measurements with little downtime in between, and
the laser has been in continuous operation for about the last twelve months. Therefore,
the stabilization period is often no issue. Nevertheless, monitoring the laser power and, if
necessary, correcting for instabilities is valuable for the interpretation of the measurement
data. This can be done in one of the following ways during the measurement: direct
monitoring, LD current monitoring, and indirect monitoring.

LD current monitoring

The commissioning with the external power meter demonstrated the read-out of the
LD current can be used to estimate the stability of the power output. In praxis, there
were problems with this approach, limiting its usability. The laser control software from

8Personal communication with Vision Lasertechnik GmbH, 30890 Barsinghausen, Germany; an autho-
rized reseller of the Standa 8MT173-20XYZ motorized stage.

9Thorlabs Inc., Newton, New Jersey, USA
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Figure 6.7.: Evolution of the Matchbox laser power and temperature. Details are given in
the main text.

the manufacturer has a built-in logging function, but often crashes after about 100 h.
Therefore, the laser control was integrated into LARASoft2-CRM (see Section 4.3). Some
hardware parameters could not be accesses reliability with this solution, leading to crashes
of LARASoft2-CRM. These software problems will be addressed in the future. This method
could only be used for selected measurements with logging times of up to 100 h.

Direct power monitoring

Measuring the laser power directly after the first beam splitter cube, see Figure 4.9, Segment
A. This is the most accurate power measurement, since it can measure the laser beam
directly. Although at this point the beam is slightly divergent, it is still focused enough for
the entire beam to hit the power meter. It also needs to be considered that only about 5%
of the laser beam passes the dichroic beam splitter in the direction of the power meter,
while 95% of the laser light is directed to the microscope objective. Therefore, even when
the matchbox laser is operated at full power of 120mW - due to the laser line filter and
the dichroic beam splitter - only about 2-5mW arrive at the position of the power meter.
However, the high-sensitivity power meter was only available for the first commissioning
measurements.

Indirect power monitoring

To monitor the stability of the laser output power during raster scans of graphene on
Si/SiO2 samples, a method involving the Raman signal of the TO-peak of Si(O2) is used.
This technique assumes minimal variation in the graphene film’s layer number [No18], and
a constant sample focus. The observed intensity of the TO-peak of Si(O2), always visible
within the set spectral range of the CRM, is directly proportional to the laser output
power. By normalizing the recorded Raman spectra to the Si-TO signal, this method not
only monitors but also corrects for possible instabilities in the laser power.

One example of the TO-peak signal of Si(O2) during a x-y-raster scan of a graphene-on-
Si/SiO2 sample is shown in Figure 6.8 (duration of the scan about 90 h); the corresponding

101



6. Commissioning and characterization of the CRM

Figure 6.8.: Evolution of the TO-peak intensity of Si(O2) during a raster scan. The peak
intensity is determined by fitting a Lorentzian function. For visualization of the overall
trend, the data is also shown with smoothing applied. The histogram with the Gaussian fit
shows the distribution of the signal and demonstrates the good stability, with a relative
standard deviation of only 0.41% over the full measurement period of about 90 h.

heatmap of this x-y-raster scan is shown later in Figure 7.11. There is a clear linear drift
in the TO-peak intensity during the measurement time. However, the relative standard
deviation is only about 0.41% for the complete scan. Even if left uncorrected, this drift is
significantly smaller than the change in Raman spectra studied in this work. However, as
described, this data is used to normalize the Raman spectra, and therefore the measurement
is not affected by this drift at all.

6.8. Measurement of multi-layer graphene

The purpose of this measurement is to explore whether the current configuration of the
CRM is sensitive enough to distinguish the number of graphene layers. As determined in
Section 6.2, the mean spectral resolution in this configuration is δν̃CRM = (41.2±10.7) cm−1.
Using the theoretical width of the 2D-peak in SLG, BLG, and Trilayer graphene
(TLG) (see Figure 3.10), the expected experimental widths for Bernal stacked layers
are δν̃SLG = (46 ± 10) cm−1, δν̃BLG = (66 ± 10) cm−1, and δν̃TLG = (75 ± 10) cm−1,
respectively [Pap20]. Therefore, even with the current CRM configuration with a low-
spectral resolution grating, the number of graphene layers should be extractable from the
width of the 2D-peak, if the graphene is Bernal stacked. The graphene samples used for
these measurements are from Graphenea and similar to the Graphene on SiO2/Si samples,
only with a varying number of graphene layers [Gra23b].

A representative Raman spectrum from each graphene sample is shown in Figure 6.9. Since
the intensity of the TO-line of Si(O2) correlates with the number of graphene layers [No18],
the data is normalized to the G-peak instead. For these multi-layer graphene samples, the
2D-peak width is not proportional to the number of graphene layers; there is only a 1 cm−1

difference between the SLG and TLG. The shift of the 2D-line position between the SLG
and BLG is about 5 cm−1. In addition, the I2D/IG-ratio is proportional to the number of
graphene layers [Pap20].

In combination, these observations demonstrate that the multi-layer graphene sample from
Graphenea are indeed multi-layer, however, it appears that the samples are misoriented
and not Bernal stacked. It should be noted here that in misoriented multi-layer graphene,
the determination of the number of layers is not conclusive without prior information
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Figure 6.9.: Measured spectra of multilayer graphene, namely SLG, BLG, and TLG. The
spectra are normalized to the G-peak intensity. Details are given in the main text.

(e.g. from a trustworthy manufacturer), additional characterization, or imaging techniques
(e.g. TEM). The decrease in the I2D/IG-ratio is also, in general, observed in lower-quality
graphene layers. The small blue shift of the 2D-peak position of only 5 cm−1 for misoriented
BLG, can be hidden or mimicked by e.g. temperature or structural instabilities of the
Raman system. Therefore, the conclusion derived here, is assuming that the TEM images
provided on the Graphenea website are trustworthy [Gra23b].

6.9. Comparison with complementary imaging techniques

A series of test measurements were performed, comparing the spectroscopic raster maps
with images of the same area taken using different imaging techniques, to verify that the
apparent spectro-spatial features could be associated with real differences in the sample.
Specifically, SEM images of small surface areas of the GFET sample and broad-field light
images of a large surface area of graphene-on-quartz sample were taken.

6.9.1. Light-microscope imaging

In the context of the Bachelor’s thesis of J. Demand10, an electrochemical hydrogenation
method was tested with a graphene-on-quartz sample. A piece of platinum wire is attached
to two neighboring corners of the graphene surface using conductive silver. The wire, and
thus the sample, is then connected in series with a Picometer and a voltage source to a
platinum anode, making the sample the cathode of an electrolysis cell. A small platinum
plate is used as the anode in the setup. By applying a voltage between the cathode and
anode, electrolysis of water occurs. The produced hydrogen ions should, in principle, be
attracted to the graphene layer. This configuration allows measuring the electrolysis current
for different voltages and immersion depths. Using this simple approach, no successful
hydrogenation could be demonstrated, but the graphene layer was damaged instead.

In Figure 6.10a, a white-light wide-field image of a graphene-on-quartz sample used in said
study is shown. Ruptures in the surface as well as ruggedized edges are visible; any chemical
changes are not revealed in the white-light image. In order to confirm if hydrogenation (or

10J. Demand: ‘Characterization of a Laser-Raman-Microscope for the examination of hydrogenated
graphene’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2021
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(a) (b)

(c)

Figure 6.10.: Comparison of confocal Raman spectral maps with a light microscope image.
The imaged region is about 7.5mm × 9.5mm in the center of a graphene-on-quartz
sample. (a) Wide-field image obtained using a light microscope; the graphene layer is
damaged and darkened by an electrochemical hydrogenation attempt. (b) Raman image
of the 2D-graphene peak in the same region. The Raman image is undersampled with
∆S = 100steps ≡ 125 μm. (c) Raman spectra from the positions marked on the map.
Images adapted from [Dia22].

other chemical changes) of graphene has occurred, a Raman raster scan was performed,
covering the complete area shown in the white-light image. The sample was scanned in
increments of ∆S = 100 steps ≡ 125 μm resulting in about 60× 60 raster points. This does
not generate gapless maps of the sample, but only probes it at sparse spatial locations.

The heat map for the 2D-peak of graphene is shown in Figure 6.10b. The ruptures and
edges are replicated well in the Raman map, associated with a zero-2D-peak signal (black
in the amplitude scale of the map). Finer details visible in the white-light image cannot
always be directly correlated to the Raman map; this is a consequence of the widely spaced
raster points across the sample surface. Raman spectra from two different locations on
the sample are shown in Figure 6.10c; revealing that the reduced 2D-peak intensity is
correlated with an increased D-peak, with a D/G-peak intensity ratio of about 1.
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6.9.2. Scanning electron microscope (SEM) imaging

The SEM image of the GFET sample, shown in Figure 6.11a, reveals two structural features.
These are (i) graphene-flake boundaries, evident from the faint “black” lines in the image,
and (ii) a series of local, circular-shaped features – most likely from deposits during chip
manufacture, or adhesion of small dust particles during sample handing in ambient air.
Note that both types of features are also present in the SEM images of GFET devices
included in the Graphenea GFET-S10 data sheet and on their webpage [Gra22a]. Using
the edge of the gold surface for orientation, the area shown in the SEM image was scanned
in increments of ∆S = 2 steps ≡ 2.5 μm. The overlay of these features from the SEM image
and the Raman raster map for the D-peak of graphene is shown in Figure 6.11b. The
D-peak is shown since it is sensitive to the defects present at graphene-flake boundaries.

The thin borders between graphene-flakes are not recognizable in the Raman map. This
is expected, considering the limited spatial resolution of this CRM configuration that
was determined in Section 6.3. However, most of the circular features show reasonable

(a) SEM image (b) D-peak map

(c) 2D-peak map (d) Raman spectra

Figure 6.11.: Comparison of confocal Raman spectral maps with SEM image. The imaged
region is about 50 μm× 50 μm in the corner of a GFET device on the GFET sample. (a)
SEM image with increased contrast to improve the visibility of graphene flake borders.
(b,c) Raman map of the normalized D-peak and 2D-peak intensity; overlaid with lines and
spots indicating the darker regions in the SEM image. (d) Normalized Raman spectra from
the points indicated (x) on the Raman maps.
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correlation between the two images. For comparison of the on-deposit / off-deposit Raman
signals, the spectra at the related spatial positions are shown in Figure 6.11c. From these,
small differences in the spectral fingerprints are evident, with the most prominent change
in Raman response in the D-peak that is expected for defects in the graphene layer. In
principle, darker regions in SEM images can also correspond to graphene flake overlaps.
When examining the Raman spectra, it becomes clear - in comparison to Figure 6.9 - that
this is not the case here.

Overall, the CRM imaging results discussed here show that, in general, spatial features in
the Raman maps can be linked to the features detected by alternative analysis methods at
the same position.

6.10. Concluding remarks

The test of the matchbox laser showed that the laser reaches sufficient power output stability
of < 0.5% in > 50 h after an initial stabilization time of about 12 h. By analysis of the Si
TO-peak Raman signal, it was shown that even during prolonged raster scans for several
days, up to weeks, the produced Raman signal does not significantly change. This effect is
small enough (4.6 × 10−3%h−1) to not impact the conducted measurements negatively.
Anyhow, this slight drift can be corrected for by normalization of the Raman spectra with
regard to the Si TO-peak.

The spatial resolution of about (7.5± 0.3) μm is far below that of commercially available
confocal Raman microscopes, in which resolutions O(100 nm) can be achieved. However,
this is intentional. The employed low NA (10x magnification) microscope objective can only
achieve a spatial resolution of about 2.5 μm with a 532 nm wavelength laser at the diffraction
limit. Although, the choice limits the spatial resolution, it also offers several advantages:
(i) macroscopic sample areas (up to 1 cm2) can be completely scanned within a reasonable
time of a few days; and (ii) a larger area of the sample is probed at once, increasing
the Raman signal and reducing the acquisition time. As it was shown by comparison
with light microscope and SEM images, the spacial resolution is good enough to identify
mm-scale damages as well as μm-scale defected regions on graphene. Therefore, the selected
magnification resembles an optimum in the trade-off between acquisition time and spacial
resolution. In principle, the CRM can be equipped with higher magnification objectives, if
a higher spacial resolution is needed for future qualitative (graphene) studies. Preliminary
results indicate that the CRM performs as expected under higher magnification, too.

Raster scans of 1 cm2 samples demonstrate that the tilt of the sample and motorized stage
can be corrected, and the sample is in focus at all times. The deviation from the determined
focal plane is less than 0.1% during a full 1 cm × 1 cm scan. The inherent backlash
for bidirectional movement in the motorized translation stages was determined to be
∼ 1.8 full-steps =̂ 2.25 μm. The uni-directional reproducibility is ≤ 1.0 full-steps =̂ 1.25 μm.
When compared to the spacial resolution of the system, this reproducibility is sufficient to
conduct repeated scans of the same area. Of course, should the CRM be equipped with a
higher magnification objective in future experiments, the reproducibility of the motorized
translation stages needs to be reassessed.

As the CRM is not designed for graphene samples specifically, but for toxic or radioactive
samples in general, a spectrometer and grating combination was chosen, that covers
a large spectral range at once. The spectral resolution of this combination is about
(41.4± 10.7) cm−1. For example, for the measurements of the RW sample (see Appendix E)
almost the full spectral range is taken advantage of to find peaks, which were not expected
prior to the measurements. With regard to graphene specifically, the large spectral range
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(∼ 6000 cm−1) is not needed. Changing the spectrometer grating from 300 gr/mm to
600 gr/mm would still cover the whole spectral range of the graphene peaks, including the
TO-peak of Si for normalization, with an improved spectral resolution.

For future quantitative measurements of graphene samples, the improved spectral resolution
is necessary to allow resolving the G- and D’-peaks that can be used to probe the nature
of graphene defects [Eck12]. A higher spectral resolution would also make the CRM more
sensitive to the broadening of the 2D-peak that is predicted for multi-layer graphene. With
the current system, these effects are rather small and can be hidden by more pronounced
effects. Multi-layer graphene samples will be exposed to tritium in the future to study the
nature of the graphene-tritium interaction.

In summary, the CRM in its current configuration is well suited for first, qualitative
experiments with graphene and tritium. It is also suited for upgrades in both, the spectral
and spatial resolution, if desired. The system is fully characterized and well understood.
The CRM was used for several measurements and studies on graphene and RW samples,
some of which are shown in Appendix D, Appendix E, and published in Ref. [Dia22].
In the future, it will also be used for chemical analysis of different tritium exposed and
contaminated parts, e.g. to study the depositions on LARA cell windows.
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In this chapter, the tritium loading experiments are presented and discussed. First, in
Section 7.1 a brief introduction into the main ideas is given. Second, in Section 7.2 the
loading principle using the self-radiolysis of tritium is described in more detail. Third, in
Section 7.3 the experimental setup of the tritium loading chamber is described. Specifically,
the theory and the implementation of the sheet resistance measurement using the Van
der Pauw method is highlighted. Fourth, the results of pre-measurements and ‘lessons-
learned’ are summarized in Section 7.4. Last, the tritium exposure of graphene samples is
described in Section 7.5. This includes the in-situ resistivity measurements, the temperature
dependence of resistance, Raman imaging, and the heating of tritium-exposed samples.
The main results of this chapter are published in Ref. [Zel23].

7.1. Motivation and overview

Due to the radioactive and volatile nature of tritium, there are many considerations
that must be made regarding regulatory requirements, safety, and contamination of the
equipment. This severely limits the choice of possible characterization measurements.

In contrast to most experiments with e.g. hydrogen, most steps of a tritium experiment are
time-consuming and laborious. For example, in order to extract the samples from a tritium
loading chamber, the chamber needs to be evacuated for at least a few days to minimize
contamination of the surrounding glove box. Therefore, for experiments with tritium, it is
essential to incorporate at least one in-situ characterization procedure.

One simple method for in-situ monitoring is the resistance measurement of graphene,
as demonstrated in e.g. Ref. [Gui14]. When using a two-point-measurement, there is an
offset of the resistance measurement from the wires used. By using a four-point-resistance
measurement via the Van der Pauw method [Pau58], the sheet resistance of the graphene
sample can be measured offset-free and compared to similar experiments by other groups.

However, using sheet resistance measurements, it is not possible to distinguish between
the types of defects introduced to the graphene layer. As described in Section 3.3, there
are two main types of defects in graphene, which are relevant to this work, vacancy- and
sp3-type defects. In the literature, there are three main methods employed to distinguish
between these defect types:
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1. X-ray Photoelectron Spectroscopy (XPS) can be used to measure the bond
energy directly and is therefore the method of choice when it is available [Spe07]. XPS
systems are expensive and therefore not favorable for the use with radioactive tritium
samples, which could experience out-gassing of tritium. For this work, no XPS system
was available; however, XPS data from the literature for exposure to atomic hydrogen
is used for cross-comparison of the sheet resistance and Raman measurements. This is
discussed in great detail in Section 7.6.

2. High-spectral resolution Raman spectroscopy has been used to resolve the D’-peak of
defected graphene. Details on this method were already given in Section 3.3. This
method was unavailable for this work.

3. By thermal annealing, it can be investigated whether the observed changes to the
graphene layer are reversible [Son16]. Although graphene has self-healing properties
[Che13], severe damages (vacancy-type defects) are only completely reversible in the
presence of hydrocarbon gases [Lóp09].

In this work, ex-situ low-spectral resolution Raman characterization measurements, in
combination with thermal annealing in a tritium-compatible oven, are used to investigate the
nature of graphene defects introduced by exposure to tritium. The Raman measurements
are conducted with the CRM described in Chapter 6, which was designed and built
specifically for radioactive or toxic samples.

7.2. Introduction to the loading principle

Hydrogenation is usually performed with thermal crackers (via atomic hydrogen) or with
plasma sources (via atomic and ionic hydrogen) [Sof07; Eli09; Whi18]. Building tritium
compatible equipment operated in a licensed laboratory – especially when involving complex
equipment such as thermal crackers, plasma sources and pumps – is expensive, laborious,
and time-consuming. Implementing such equipment within the time-constraint of this work
was not viable. Therefore, the tritiation is performed with tritium atoms/ions, which are
generated naturally because of β-decay and subsequent ionization/dissociation within the
tritium gas environment.

The generated β-electrons lead to secondary ionization, significantly increasing the concen-
tration of ions. In addition to Equation 2.44, other possible final states from the β-decay
are:

T2 −→ 3He+ +T + e− + ν̄e, (7.1)

T2 −→ 3He + T+ + e− + ν̄e, and (7.2)

T2 −→ 3He++ +T + 2e− + ν̄e. (7.3)

with branching ratio of 32% for Eq. 7.1 and 0.8% for Eq. 7.3, respectively [Fie92]. Besides
that, secondary ionization of T2 molecules with the β-electrons can take place, which
generates a cold-plasma, thus further increasing the T and T+

n densities. For the proof-
of-principle study, the expected tritiation rate should be sufficient without the need for a
more complex tritium cracker or plasma setup.

Most of the dissociation processes lead to ions/atoms with kinetic energies in the range
3-13 eV[Bod15]. These primary ions are quickly thermalized down to just a few tens of
meV by collisions with the gas at room temperature. For initial ion energies of O(1 eV) the
inelastic scattering cross-section (of H+

2 on H2) is about σIS10× 10−15 cm2 [Tab00]. This
implies in a mean free path of about 1 μm. About four to five scattering events are required
to drop the kinetic energy below the threshold for absorption. For the 1 cm2 graphene
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sample, this corresponds to a volume of 1 cm× 1 cm× 4− 5 μm, in which ions are generated
with sufficient energy for tritium adsorption at the surface. By interacting with the gas,
further processes take place [Kle19b], including ionization, gas phase formation of larger

ion clusters, and the recombination of the ions with electrons. The resulting T
(+)
n species

receive kinetic energy in the range 0-15 eV, peaking at about 8 eV.

The calculation of the rate of ions generation regarding initial β-decay is more complex, but
may be obtained via Monte-Carlo modelling methods. In principle, a sufficient quantity of
tritium ions/atoms can be produced in the energy range of interest to provide significant
tritium adsorption during the exposure time; on the other hand, a fraction of the ions will
have energies which are high enough to be able to introduce damage to the graphene layer.

7.3. Experimental setup of the loading chamber

A custom-made loading chamber was used for tritium exposure of the graphene samples,
which offers in-situ sheet resistance measurements. The main components of the loading
chamber are shown in Figure 7.1 with a full list of the components given in Table 7.1. All
the components are fully tritium and high-vacuum compatible, and are made of stainless
steel, aluminum, cooper, and ceramic materials.

The graphene samples are contacted directly via four spring-loaded contacts1, which are
used for the measurement of the graphene sheet resistance via the Van der Pauw method.
The sheet resistance measurements are conducted using a DAQ6510 with a 7709-matrix
switching card2. TheVan der Pauw method and the details of the electrical installation are
given in Section 7.3.2. In order to characterize the temperature dependence of the graphene
sheet resistance and desorption measurements, an electrical heater3 and a temperature
sensor4 are installed in thermal contact with the sample holder (see Section 7.3.1 for more
details). Close-up images of this setup are shown in Figure 7.2.

Figure 7.1.: Technical drawing of loading chamber. Important components are annotated.
Details can be found within the text and Table 7.1. Image adapted from [Zel23].

1PTR HARTMANN GmbH, 59368 Werne, Germany
2Both from Keithley, Cleveland, USA
3Thermocoax, Heidelberg, Germany
4Allectra GmbH, 16567 Schönfliess, Germany
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Table 7.1.: Overview of main loading chamber components

Component Material Manufacturer

Intermediate piece DN63CF
with two 1/4-inch VCR connectors

stainless steel 304L VACOM a

Flanged D-Sub feedthrough DN63CF
SUB-D-15-FM

stainless steel 304L VACOM a

Blank flange DN63CF stainless steel 304L VACOM a

SUB-D 15-Pin Connector Macor VACOM a

Spring-loaded contacts bronze, steel PTR Hartmannb

Insulators ceramic (Al2O3 96%) Quick-coolc

PT100 resistor on ceramic ceramic, glass, platinum Allectrad

Stacking rods aluminum in house
Sample holder aluminum in house
Pin holder aluminum in house
UHV wire silver plated copper, kapton insulated Allectrad

a VACOM Vakuum Komponenten & Messtechnik GmbH, 07751 Großlöbichau, Germany
b PTR HARTMANN GmbH, 59368 Werne, Germany
c Quick-Ohm Küpper & Co. GmbH, 42349 Wuppertal, Germany
d Allectra GmbH, 16567 Schönfliess, Germany

(a)

(b) (c)

Figure 7.2.: Images of the loading chamber. (a) Top-down image without the pin-holder,
showing the placement of the primary and secondary samples within the sample holder.
(b) Top-down image showing the pin-holder with the spring-loaded contacts and their
ceramic connector insulators. (c) Side-view image of the internal stack, highlighting the
spring-loaded contacts.
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Note that for the pre-measurements with a RW sample, used for proof-of-principle mea-
surements and described in Appendix E, a different, prototype loading chamber was used,
which is described in the respective section.

7.3.1. Electrical heating element

The electrical heating element consists of a copper plate with a Thermocoax 5 heating
system fitted on the underside. It was manufactured by the KIT Technik-Haus (TEC).
The dimensions and electrical properties are summarized in Table 7.2.

The heating element is located within the loading chamber and is used to heat the graphene
samples. The graphene sample holder lies flush on the electrical heater for this purpose.
The temperature on the top of the sample holder is measured via a Pt100 temperature
sensor6. For safety reasons, pre-experiments were conducted to determine the relation
between the temperature of the sample holder and the inner and outer wall temperatures
of the loading chamber. The maximum temperature of the electrical heater is limited such
that the inner wall and outer wall temperatures of the loading chamber do not rise beyond
max. 200 °C and max. 50 °C, respectively. When the loading chamber is evacuated to
1 × 10−6mbar (standard operation condition), the temperature of the outer wall is not
exceeding 40 °C when heating the samples to 200 °C for 1 h.

During the commissioning of the loading chamber, it was found that the electrical connection
to the graphene layer can become unstable (evident by the increased signal noise), and
the circuit can open completely, causing an OVERFLOW error in the sheet resistance
measurement7. It was found that these problems correlated with the heating of the
samples. Although, the OVERFLOW temperature could not be fully reproduced in
every measurement run, these problems almost completely disappeared when the heating
temperature was limited to 110◦C. This severely limits the functionality of the loading
chamber. The planned in-situ desorption measurements are not possible at 110◦C; however,
this was the only possible solution to continue with any tritium-loading experiments,
without the need for an overall redesign of the loading chamber.

Table 7.2.: Properties of the electrical heating element

Property Value

Material Copper (Cu)
Size ∅ 50mm, thickness d = 5mm
Heating Thermocoax D1
Length 321mm
Specific Resistance 10Ωm−1

Loop resistance 4.4Ω
Maximum power 100W
Maximum load 21V

5Thermocoax, Heidelberg, Germany
6Allectra GmbH, 16567 Schönfliess, Germany
7P. Wiesen: ‘Commissioning of a graphene-loading stage and conductivity measurements during first

tritium exposure’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2023
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7.3.2. Sheet resistance measurement using the Van der Pauw method

The sheet resistance of the graphene sample is measured in-situ and continuously via
a four-point-resistance measurement using the Van der Pauw method [Pau58]. The
definitions, explanations, and derivations in this section closely follow Refs. [Hea03; Sch06],
in which more details can be found.

Definition of the sheet resistance

For a three-dimensional conductor, the resistance R is defined as

R ≡ ρ · l

h · w
, (7.4)

where ρ is the specific bulk resistivity of the material and l, w and h are the length, width,
and thickness of the sample. The sheet resistance is then defined as:

R□ ≡ ρ

h
=⇒ R = R□ · l

w
(7.5)

and thus for a square sample with l = w:

R = R□ =
ρ

h
. (7.6)

Although, the units for the sheet resistance are Ω, commonly Ω/□ is used to differentiate
between the resistance and sheet resistance

[R□] =
[ρ]

[h]
=

Ω ·m
m

= Ω = Ω/□. (7.7)

The sheet resistance R□ numerically corresponds to the resistance of a square piece of the
material. However, measurements of the area and thickness of a sample are often difficult
to implement. For example, in graphene-based samples, which can be assumed to be a
two-dimensional material, there is no material thickness in the classical sense, but only
a covalent atomic radius of a carbon atom, which differs depending on the hybridization.
The Van der Pauw method offers a solution to this problem.

Van der Pauw method

The Van der Pauw method is a four-point measurement technique. Using this method,
the sheet resistance of a sample with arbitrary shape and thickness can be measured, as
long as the following conditions are fulfilled [Pau58]:

1. The four contacts (labelled A, B, C, and D) are placed on the circumferences of the
sample.

2. The contacts are sufficiently small compared to the area of the sample.

3. The thickness of the sample is homogenous.

4. The surface has no isolated holes.

When these conditions are not fulfilled, the measurement is only valid to a lesser degree, but
can still be used to monitor the change in sheet resistance. In his original paper [Pau58], L.
J. Van der Pauw first proved that the following equation holds:

exp

(
−πh
ρ

·RAB, CD

)
+ exp

(
−πh
ρ

·RBC,DA

)
= 1, (7.8)
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where RAB, CD is the resistance calculated by measurement of the current flow along one
edge of the sample and the voltage across the opposite edge of the sample. If RAB, CD is the
measurement across the horizontal edge of the sample, then RBC,DA is the measurement
across the vertical edge of the sample, and vice versa. In order to improve the measurement
accuracy, usually reciprocal and reversed polarity measurements are added [Kei16], resulting
in the following combination of eight resistance measurements:

R1 =
UAB

ICD
, R2 =

UBA

IDC
, R3 =

UCD

IAB
, R4 =

UDC

IBA
(7.9)

R5 =
UAD

IBC
, R6 =

UDA

ICB
, R7 =

UBC

IAD
, R8 =

UCB

IDA
.

All configurations are shown in Figure 7.3. Returning to the original idea of one horizontal
and one vertical resistance measurement, these resistances can be combined, yielding

RH =
R1 +R2 +R3 +R4

2
and RV =

R5 +R6 +R7 +R8

2
, (7.10)

and Eq. 7.8 becomes

exp

(
−πh
ρ

·RH

)
+ exp

(
−πh
ρ

·RV

)
= 1. (7.11)

The resistivity ρ can then be expressed as

ρ =
πh

ln 2
· RH +RV

2
· f, (7.12)

where f is a function of the ratio Q = RH/RV and satisfies the following equation:

Q− 1

Q+ 1
=

f

ln 2
arcosh

(
exp(ln 2/f)

2

)
. (7.13)

Combining Eqs. 7.6 and 7.12 results in

R□ =
π

ln 2
· RH +RV

2
· f, (7.14)

which is independent of the thickness and area of the sample and depends solely on RH

and RV as defined in Eq. 7.10.

Figure 7.3.: Reciprocal and reversed polarity resistance measurement configurations for the
Van der Pauw method. Image adapted from [Kei16].
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Experimental implementation

For the sheet resistance measurement via the Van der Pauw method, the graphene layer is
contacted directly with four spring-loaded contacts from above. The spring-loaded contacts
are secured in a pin holder. The vacuum- and tritium-compatible wire are fed through a
Sub-D connector in the bottom flange. More details on particular parts were already given
in Table 7.1.

The resistances are measured with a Keithley8 DAQ6510 multimeter. In order to perform
the reciprocal and reversed polarity resistance measurements, the DAQ6510 system is
equipped with a programmable 7709-matrix switching card8. In Figure 7.4 a schematic of
the internal wiring of the DAQ6510 system and the connections to the graphene sample
via the matrix card are shown. The DAQ6510 system automatically selects a suitable
test current9, which flows from INPUT HI to INPUT LO. Between the SENSE HI and
SENSE LO connections, the corresponding voltages are measured. The device automatically
computes and returns the resistance value. Afterward, a switch-command is sent to the
matrix card, changing the connections to the next configuration, as defined in Eq. 7.10.
The read-out of the DAQ6510 system, the synchronization with the matrix card, and
the computation of the sheet resistance according to Eq. 7.14 is handled by a custom
LabVIEW10 program.

In addition to the eight configurations, which are needed for the sheet resistance mea-
surement, during each measurement cycle also the two-point resistances between the four
contacts are measured. A full measurement cycle with eight four-wire measurements and
six two-wire measurements takes about 2-5 s to complete.

The two-point resistance measurements provide additional information, in case there is
a problem with the four-point measurement. For example, if exactly one of the contacts
is damaged, all four-point measurements are affected. However, only three of the six
two-point measurements are affected. This information can be used to determine which of
the contacts is damaged.

Figure 7.4.: Schematic of the internal wiring of the DAQ6510 system and the connections
to the graphene sample via the matrix card 7709.

8Keithley Instruments, LLC, Solon, Ohio, USA
9https://download.tek.com/manual/DAQ6510-900-01B_Aug_2019_User.pdf

10National Instruments, Austin, Texas, USA
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7. Exposure of graphene samples to tritium

7.4. Commissioning of the loading chamber with hydrogen

The safety-related and scientific commissioning of the loading chamber with hydrogen
were performed together with Paul Wiesen; these were discussed in full detail within his
bachelor’s thesis11. In this section, only the most important results regarding the tritium
loading experiment are briefly summarized.

System bake-out

The evacuated loading chamber including a contacted graphene sample was placed in a
bake-out oven. The system was baked out at 110 °C for approximately 24 h. During the
bake-out, the loading chamber was constantly evacuated via a turbomolecular pump to
remove the out-gassing substances from the system. In general, a bake-out of stainless-
steel vacuum systems is recommended due to the large amount of H2O which can be
retained in the stainless-steel walls. This makes it more difficult to obtain a good vacuum
(<1× 10−6mbar) in the system, which is needed to to demonstrate that the leak rate for a
tritium system was not surpassed, using a pressure rise test. In addition, it was observed
that during the measurement of the Temperature Coefficient of Resistance (TCR)
the graphene sheet resistance continued to increase, even though a stable temperature of
120 °C was reached (Figure 7.5).

One interpretation of this observation is that by heating of the sample, some of the H2O
from the stainless-steel parts of the system is released and adsorbed on the graphene surface,
thus increasing its sheet resistance. After the system bake-out and three additional TCR
measurement cycles, this effect disappeared and the sheet resistance of the graphene sample
was stable even at elevated heating temperatures. It should be noted that the system was
opened in laboratory atmosphere for an exchange of graphene sample before the main
tritium loading, without an additional bake-out.

(a) Before system bake-out (b) After system bake-out

Figure 7.5.: Effect of system bake-out on TCR. Details can be found within the text.

11P. Wiesen: ‘Commissioning of a graphene-loading stage and conductivity measurements during first
tritium exposure’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2023
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Temporal stability of graphene sheet resistance

When the sheet resistance was measured overnight, a relative drift of only 0.011%Ωh−1

was observed. The relative statistical uncertainty is of the order of 0.1%. Both effects are
small compared to the increase during heating (≈ 0.5Ω/◦C) and the expected increase
during tritium loading (several orders of magnitude).

Temperature dependence of graphene sheet resistance

After the system bake-out, the TCR of the measured graphene sample was TCR =
1.13 · 10−3, which is comparable to similar experiments conducted by other groups[Lei22].
A more detailed discussion and comparison to the TCR after tritium exposure is given in
Section 7.5.2

Graphene sheet resistance in hydrogen atmosphere

As expected, the graphene sheet resistance is not affected by the presence of molecular
hydrogen. The relative drift during an overnight measurement increased (1%h−1), in
comparison to the evacuated system. Notably, during the inlet of hydrogen, the sheet
resistance was not affected (see Figure 7.6). A more detailed discussion and comparison with
the inlet of tritium and the drift during and after tritium exposure is given in Section 7.5.1.

(a) During H2 inlet (b) Overnight stability in H2

Figure 7.6.: Sheet resistance during hydrogen inlet, and stability for several hours thereafter.
Data shown in (b) is recorded after several heating cycles during the day. Additionally, a
Savitzky-Golay filter is applied to reduce noise and improve the visibility of the data trend.
Details can be found within the text.
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7.5. Characterization of tritium-exposed graphene

For the tritium exposure of the graphene samples, the loading chamber and experi-
mental setup described in Section 7.3 are used. The graphene samples are monolayer
graphene on a silicon substrate with a 90 nm SiO2 buffer layer (SiO2/Si) citeGraphe-
nea.MonolayerGrapheneon from Graphenea12. Four identical samples are placed in the
loading chamber, one primary sample (Sample A), which is contacted in-situ for the sheet
resistance measurement, and three secondary samples (Samples B, C, D) (see Figure 7.2a).
The secondary samples are not-contacted, but are exposed to tritium during the same load-
ing process as the primary sample. It can therefore be assumed that they are comparable
to the primary sample e.g. regarding the amount of tritium adsorbed on the sample. They
can be used for destructive activity, cross-check, or stability measurements.

An overview of the full tritium loading experiment, the different graphene samples, and
their use after tritium exposure is sketched in Figure 7.7. As long as the samples are in
the loading chamber, the sheet resistance measurement is running continuous to monitor
any changes. First, the loading chamber is closed; it is evacuated to < 1× 106mbar and
a pressure-rise test is used to demonstrate a leak rate of less than 1 × 10−9mbarL s−1.
Second, the manual value to the TriHyDe sampling port I is opened, and the loading gas
mixture expands into the loading chamber.

The loading gas mixture was provided to TriHyDe via the TSS of the TLK and consisted
of 97.2% T2 with the remaining 2.8% being mainly HT and DT. The pressure in the
loading chamber, determined by a pressure sensor located at the sampling port I, was about
400mbar during the exposure. Given the chamber volume of about 0.2 L, this corresponds
to a total activity of 7.6 × 1012Bq. Based on the branching ratios described in Eqs. 7.1
and 7.3, this yields 3.3 × 107 tritium atoms per second. Third, after ∼ 55 h of tritium
exposure, the loading chamber is again evacuated the < 1× 106mbar. The manual value
to the TriHyDe system remains open, and the loading chamber is continuously evacuated
during the following measurements.

Figure 7.7.: Measurement procedure for tritium loading. Details can be found in the text.

12Graphenea Inc., 20009 - San Sebastián, Spain
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Fourth, the TCR is measured by heating the sample to 110◦C and letting it cool down
again, similar to the pre-measurements outlined in Section 7.4. Fifth, the stability of
the sheet resistance at constant temperature is monitored while the loading chamber is
evacuated for several days.

Finally, the loading chamber is opened, and the samples are transferred to a small container,
where they are stored within the nitrogen atmosphere of the glove box until further
measurements. During this work, three of the four loaded graphene samples, were used for
different measurements. For clarity, they are numerated in the following sections:

- Sample A This is the primary sample, which was contacted in-situ for the Van der
Pauw measurements. After it was removed from the loading chamber, it was transported
to the CRM for Raman microscopy measurements. The sample was then heated several
times in a tritium compatible oven and again scanned with the CRM.

- Sample B One of the secondary samples, which were not contacted in-situ during the
tritium exposure. It was used for a destructive total activity measurement.

- Sample C One of the secondary samples, which were not contacted in-situ during the
tritium exposure. It was later scanned with the CRM for comparison with Sample A.

- Sample D One of the secondary samples, which were not contacted in-situ during the
tritium exposure. It was stored in a sealed plastic bag, to be used later for long-term
out-gassing measurements; these measurements were outside the scope of this work.

7.5.1. In-situ sheet resistance measurement

The initial increase in sheet resistance at the start of the exposure is shown in Figure 7.8A.
Within 5min, the sheet resistance of the graphene sample increases from R□ = (551±2)Ω/□
to R□ = (5830 ± 5)Ω/□, reaching a local maximum. During the inlet of H2, shown in
Figure 7.6a, no significant change in R□ was observed.

Due to the sensitivity of the spring-loaded contacts to outside influences, and therefore
the sheet resistance measurement, it cannot be claimed with certainty that this initial
increase is related to the inlet of tritium specifically. Speculating, in this experiment
the gas stream could have affected the spring-loaded contacts, moving them slightly. To
conclusively determine whether this is a chemical effect of the tritium on the graphene layer,
or something else, the loading needs to be repeated several times, which was not possible
within the time frame of this work, due to the substantial amount of time associated with
any individual tritium experiments.

In the subsequent 1.5 h, the sheet resistance initially decreases slightly, but increases
again thereafter. The increase approximately follows a logistic function. The complete
measurement of R□ with a fitted general logistic function [Ric59] is shown in Figure 7.8C.
When comparing these results to the change in sheet resistance in H2 atmosphere, shown in
Figure 7.6b, it is clear that in the presence of T2 a chemical process is taking place. From
this measurement alone, it is not possible to distinguish vacancy- and sp3-type defects in the
graphene layer, as mentioned earlier. Nevertheless, it serves as proof that by β-decay and
self-radiolysis of tritium either electrons or tritium ions/atoms are created with sufficient
energy to damage the graphene, or adsorb to the graphene layer.

According to Ref. [Cho16], the electron energy of 18.6 keV from the β-decay is not sufficient
to damage the graphene layer. Other groups have reported damaged graphene in low-energy
(20 keV) electron beams [Chi10a; Bal11; Hua11; Dor13]. In their work, Choi et al. question
the validity of these claims and present measurements and observations to disprove them
[Cho16].
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Figure 7.8.: Graphene sheet resistance during tritium exposure. A - Initial increase at the
start of tritium exposure; B - plateau reached after 55 h of tritium exposure; and C - full
measured curve. Details can be found within the text. Image adapted from [Zel23].

After an exposure time of about 55 h, the surface resistance reaches a plateau at about
R∞

□ ≈ 120× 103Ω/□, corresponding to a total relative resistivity increase by a factor of
∼250. This plateau is shown in Figure 7.8B. It should be noted that the setup used for
these measurements can measure resistances up to O(1× 106Ω). Therefore, the measured
value reflects the actual value of the graphene sample even at the plateau. It can be
concluded that enough graphene remains to conduct the measurement current after 55 h of
tritium exposure, and the graphene layer has not completely disintegrated.

7.5.2. Temperature dependence of resistance

These measurements are conducted after the loading chamber is evacuated for 18 h to
< 1 × 10−6mbar. The loading chamber was not opened in between the tritium loading
and the TCR measurement. In order to determine the TCR after tritium exposure, the
sample was heated using the in-situ electrical heating element.

When the sample temperature increases, the sheet resistance decreases. This contrasts
with the TCR measurement performed with clean graphene in air, vacuum, or hydrogen
atmosphere (Section 7.4). However, this change in TCR is in agreement with measurement
of hydrogenated graphene [Bur11; Son16] and graphene-oxide [Muc14]. As in the literature,
the graphene samples show metallic transport characteristics when clean. The TCR<0
after tritium exposure, corresponds to insulator-like transport characteristics.
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By plotting the natural logarithm of the sheet resistance ln(R□) versus the inverse tem-
perature T−1 (see Figure 7.9), an Arrhenius-like equation for the temperature-dependent
sheet resistance

R□(T ) = R0
□ exp

(
Eg

kbT

)
(7.15)

can be fitted to the data. Here, Eg is the activation energy and kb is the Boltzmann
constant. Fitting this to the data, pre- and post-tritium exposure, results in

Eg,pre = (10.21± 0.04)meV and Eg,post = −(39.33± 0.05)meV. (7.16)

The uncertainties given here are only the uncertainties of the linear fit; no other systematic
or statistical uncertainty is taken into account.

Figure 7.9.: Temperature-dependence of the sheet resistance. Details can be found within
the text. Image adapted from [Zel23].
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7.5.3. Raman imaging

The primary sample (Sample A) was scanned with the CRM after tritium exposure.
Although, there is no scan of this exact sample prior to the tritium exposure, other clean
Graphenea samples were scanned during this work and are shown in detail in Appendix D.1.
With the low spatial resolution (7.3 μm) of the CRM, the pristine samples look rather
homogeneous. In this context, it should be noted that all scanned pristine graphene samples
from Graphenea are comparable and high quality (see Appendix D.1).

Representative Raman spectra from a pristine and the tritium exposed sample are shown
in (Figure 7.10). Before tritium exposure, the sample is in pristine condition with a small
D-peak intensity and the intensity ratio ID/IG < 0.1. After exposure to tritium, the
intensity of the 2D-peak is significantly reduced, while the G-peak intensity increases,
resulting in an intensity ratio IG/I2D = 4.8. In addition, the D-peak intensity increases by
a factor of ∼ 70, becoming the dominant Raman band. The intensity ratio ID/IG = 1.7
indicates a significant increase in the defect density.

Two different scans of Sample A were made : First, a high-spatial resolution (HSR)
(∆S = 6.25 μm) scan of a 350 μm × 350 μm region, roughly in the center of the sample.
Second, a low-spatial resolution (LSR) (∆S = 50 μm) scan of the full 1 cm× 1 cm
sample. For the Raman spectra analysis, Lorentzian peak functions are fitted (see Section 4.4
for details). The individual spectra are discussed in more detail in Section 7.5.6. The
Raman maps generated from the HSR and LSR scans are shown in Figure 7.11.

The LSR scan demonstrates that the graphene layer is mostly intact and was not destroyed
by the exposure to tritium. In addition, the LSR scan of the whole graphene sample,
revealing the following:

(i) The sample is installed slightly tilted in the sample holder; this is evident from the
‘gray’ upper-left corner of the image, indicating a ‘non-signal’ area.

(ii) In the three visible corners of the sample, severe damages (color-coded black) of the
graphene layer can be seen. These damages correspond to the spring-loaded contacts
of the sheet resistance measurement. It becomes clear that the contacts were moving

Figure 7.10.: Raman spectra of pristine and tritium-exposed graphene. Important spectral
features of Si and graphene are annotated. Details can be found within the text. Image
adapted from [Zel23].
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on the sample surface. An additional HSR scan was performed on the damaged
region in the lower-left corner. The respective Raman image is shown in Figure 7.11b;
it will be discussed later in this section.

(iii) In an area surrounding the damaged pin-contact areas there is a radial gradient in the
spectral modifications, e.g. the G-peak intensity increases with increasing distance
from the damaged areas. This could be caused be shadowing of the pin-holder or by
electrochemical effects induced by the measurement current, which is passed through
the contacts during the Van der Pauw measurement.

(iv) In the area of the HSR scan, which was performed first, a reduced G-Peak intensity
is observed in the LSR scan. This likely indicates that a laser-induced or laser-
accelerated change occurs; the systematic investigation of this effect is summarized in
Section 7.5.4.

(v) Apart from the effects listed above, the spectral modifications of the graphene are
rather homogenous and are present across the full sample area.

(a) LSR scan of full sample (b) HSR scan of the area damaged
by spring-loaded contact

(c) HSR scan of central region (G-peak) (d) HSR scan of central region
(D/G-peak intensity ratio)

Figure 7.11.: Raman images of tritium-exposed graphene sample (Sample A). Details can
be found within the text. Images adapted from [Zel23].
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7.5.4. Laser-induced spectral changes

After the laser-affected G-peak intensity was observed during the analysis of the HSR and
LSR scans of Sample A, systematic investigations were conducted. These investigations
include the prolonged (24 h) laser irradiation of a single spot on the graphene sample; the
results are summarized in Figure 7.12. The intensities are determined using a Lorentzian
fit and the D-, G-, and 2D-peak are normalized to the signal of the TO-peak of Si(O2) to
eliminate influences which affect all peak intensities simultaneously, e.g. fluctuations of the
laser power, or temperature. In addition, the D/G-intensity ratio is shown. While the D-
and G-peak intensities show an almost linear decrease of −0.3%h−1, the 2D-peak intensity
and the D/G-intensity ratio are stable, and the linear fit slope is conform with 0.0%h−1.
For all peaks, the other Lorentzian fit parameters (width, position, offset) are stable to
< 0.01%h−1. The measurement was repeated two weeks later, and this effect could not be
replicated: all peak intensities then were stable to < 0.01%h−1. Although the cause of the
observations in Figure 7.12 is not understood at present, even in the worst-case scenario
of −0.3%h−1, the standard measurements with typical acquisition times of 5-90 s are not
affected.

Figure 7.12.: Laser-related spectral changes in tritiated graphene. The intensities of the D-,
G-, and 2D-peak are normalized to the TO-peak of Si(O2) to eliminate fluctuations of the
laser power. Details can be found within the text.
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7.5.5. Comparison of different graphene samples

In order to test if the measurement current supplied for the in-situ sheet resistance
measurements affected the graphene⇔tritium interaction, Raman measurements of two
different samples are compared. The comparison is made between Sample A and Sample C.

A HSR scan of a central region of Sample C was recorded. The Raman images and
representative Raman spectra from each sample are shown in Figure 7.13. In general, the
spectral changes are the same. However, a detailed analysis shows that the D-peak and
G-peak intensity is consistently lower on Sample C, which was not contacted during the
tritium exposure. From this observation, it does not necessarily follow that the origin
of this difference is the measurement current. As is visible in Figure 7.2, the secondary
samples are completely shadowed by the pin-holder, while there is an opening directly
above the primary sample.

(a)

(b) (c)

Figure 7.13.: Comparison of different tritium exposed graphene samples. Sample A was
contacted in-situ, while Sample C was not contacted (see Figure 7.2): (a) representative
Raman spectra, HSR scan of Sample C (b) map of the G-peak and (c) map of the D/G
ratio. All spectra are normalized to the TO-peak of Si(O2). The HSR scan of Sample A is
shown in Figure 7.11.
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7.5.6. Ex-situ heating of tritium-exposed samples

As described in Section 7.3.1, the in-situ electrical heater had to be limited to 110◦C. Due
to this restriction, in-situ heating and desorption measurements are not possible with the
loading chamber. In literature, desorption of hydrogen from graphene is only reported
at temperatures above 200◦C, e.g. Ref. [Che13]. This was confirmed during the TCR
measurement of the tritiated graphene sample, described in Section 7.5.2. No significant
change in sheet resistance was observed, when the sample was held at 110◦C for 6 h.

Therefore, in order to demonstrate whether the changes to the graphene layer by tritium
exposure are reversible, the heating at higher temperatures is conducted ex-situ in a tritium-
compatible oven. In this oven, the graphene samples can be heated ex-situ to up to 1600◦C.
Additionally, the exhaust from the oven is passed through water bubblers, where the
released tritium is retained as HTO. The tritiated water is then used to determine the total
activity released during the sample heating via Liquid Scintilation Counting (LSC).
This can also provide additional information about the nature of the C↔T interaction.
Before the 1st heating, the oven was flushed with Argon gas, to prevent oxidation of the
graphene layer during heating. In the setup employed here, argon is flowing through a wash
bottle, which saturates it with water vapor. This gas flow is connected to the pipe-oven,
which comprises a ceramic tube into which the sample is placed in a boat for laboratory
ceramics. The wet argon gas is heated in the pipe-oven, thus heating the sample as well.
The gas and sample temperatures are not measured directly and are certainly lower than
the nominal temperature of the ceramic tube of the pipe-oven. In summary, during this
external thermal annealing of the samples, Ar and H2O are present.

After each heating, a HSR scan of a 100 μm × 100 μm area is recorded with the CRM.
Because the sample contacting in the loading chamber can lead to damage to the samples, as
demonstrated during the commissioning13, it was decided to not repeat the sheet resistance
measurement after the heating.

Raman microscopy

One representative Raman spectrum from the HSR scans after each step, namely for
tritium exposure and after three different heating steps, is shown in Figure 7.14A. By
fitting Lorentzian peak functions, graphene quality indicators - the intensity ID/IG and
the 2D-peak width w2D - are extracted from the spectra, which are shown in Figure 7.14B.

After the first heating, the ID/IG ratio decreases from ID/IG = 1.7 to ID/IG = 1.0,
but the D-peak does not disappear completely. The 2D-peak intensity is also mostly
recovered, reaching ∼ 83% of the original value of the pristine sample, with an intensity
ratio IG/I2D = 0.6. The width of the 2D-peak is also recovered to w2D, rel = 1.03 relative
to the original 2D-peak width. Both observations combined show that, the quality of the
graphene film has improved again, and the defect density is reduced; in other words, the
graphene sample has recovered much of its original properties.

Further heating of the sample at 300◦C for 21 h leads to further reduction of the intensity
ratio ID/IG = 0.5. However, the 2D-peak width is slightly increasing (w2D, rel = 1.05). In a
final, third step, the sample was heated for 20 h at 500◦C. During this process, most of the
graphene film was destroyed, and the remaining parts had an increased ratio ID/IG = 0.83,
with increased D-peak intensity. It is therefore clear that with our heating setup, graphene
is severely damaged at 500◦C.

13P. Wiesen: ‘Commissioning of a graphene-loading stage and conductivity measurements during first
tritium exposure’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2023
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Figure 7.14.: Raman spectra after heating. A - Stacked Raman spectra of pristine, tritium-
exposed, and heated graphene; B - Extracted peak parameters from the Raman spectra,
namely the intensity ID/IG and the 2D-peak width w2D. All measurements are conducted
with Sample A. Details can be found within the text. Image adapted from [Zel23].

Total activity determination

The results from the LSC measurements are summarized in Table 7.3. The primary sample
(Sample A) released several MBq of activity during each of the three thermal annealing
periods. In addition, one of the secondary samples (Sample B) was placed individually in
the annealing oven. The overriding goal of this sample heating was to determine the total
activity of the sample. Therefore, the sample was heated in laboratory air at 1400◦C for
5 h. At 1400◦C any tritium adsorbed in the substrate and on the graphene layer should be
completely released. The total activity was determined to be (1.90± 0.38)× 107 Bq.

However, it should be noted that, it is not clear from this measurement how much of the
tritium activity was retained in the substrate itself compared to the amount of tritium on
the graphene layer; this is because characterizing of the tritium retention properties of the
substrate was beyond the scope of this work.

The total activity released from the primary sample (Sample A) during three consecutive
heating steps is consistent with the total activity released from the secondary sample
(Sample B) during heating at 1400◦C. This latter procedure needs to be considered to be a
‘destructive heating’ as the surface is likely (irreversibly) oxidized. Based on these findings,
it can be concluded that during the three successive heating steps of Sample A, most of
the activity was released.
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Table 7.3.: Activity release of tritium-exposed samples during heating.

Medium Temperature (°C) Duration (h) Released activity (MBq)

Primary sample (Sample A - contacted in-situ)

Ar + H2O 300 3.5 (8.0 ± 1.6)
Ar + H2O 300 21 (5.0 ± 1.0)
Ar + H2O 500 22 (6.5 ± 1.3)∑

= (19.5± 3.9)

Secondary sample (Sample B - not contacted)

Air 1400 5 (19.0 ± 4.0)

7.6. Comparison to literature data from hydrogenation experiments

There are numerous studies on the hydrogenation of graphene; however, most do not report
or conduct all the necessary measurements and details that would allow drawing conclusive
comparisons. For example, even though Ref. [Gui14] extensively studies the effects of
hydrogenation on the electronic transport properties, only a two point resistance measure-
ment is used. Therefore, the absolute values of the sheet resistance measurement cannot
be compared directly to this work with tritium with a four-point resistance measurement.
Overall, the selection of suitable literature for comparison is rather limited.

Ref. [Son16] is one of the few scientific articles that fulfills all requirements. Therein,
Son et al. demonstrated reversible hydrogenation using XPS, sheet resistance, and Raman
measurements, and they reported all relevant details. Using their results, it is possible to
soft-of cross-calibrate the XPS ↔ sheet resistance results, and the XPS ↔ Raman spectra.
Their pristine graphene (‘as prepared’) samples have a sheet resistance of R□ = 631.3Ω/□.
After hydrogenation for different durations, they use XPS to quantify the hydrogen coverage
ηH, and measure the sheet resistance of the samples:

ηH = 12% ⇐⇒ R□ = 107.8× 103Ω/□ and (7.17)

ηH = 25% ⇐⇒ R□ = 423.1× 106Ω/□. (7.18)

Since Son et al. did not use in-situ sheet-resistance monitoring during hydrogenation, the
shape of the ηH(R□) loading curve is unknown. Using (i) a linear growth model and (ii)
a logistic growth model as two possible scenarios, the plateau sheet-resistance value in
Figure 7.8 corresponds to

R∞
□ = 129× 103Ω/□ =⇒ ηdefects = 13− 20%. (7.19)

It should be noted that this is an estimate of the total defect density ηdefects, which is
defined as ηdefects = ηvacancy + ηH or T. In the work of Son et al., the hydrogenation is
completely reversible, as demonstrated by XPS, and thus ηvacancy = 0 =⇒ ηdefects = ηH.
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Based on their Raman spectra14, they report the ID/IG ratio for six different hydrogen
coverage values - ηH = 0, 12, 15, 18, 23 and 25%. Comparing those to the ID/IG = 1.7
ratio observed after tritium exposure in this work (see Figure 7.14), this corresponds to

ηdefects = 12− 14% (7.20)

for the tritium-exposed samples. As shown in Figure 7.14, the intensity ratio is reduced to
ID/IG = 0.5 after heating the sample for 3.5 h at 300◦C. Assuming that the adsorption of
tritium is reversible, while vacancy-type defects are not completely reversible, this leads to

ηT ≈ 7.4− 8.7% (7.21)

and
ηvacancy ≈ 4.6− 5.3%. (7.22)

However, from discussions in the literature, it is not clear if this assumption is valid.
Chen et al. [Che13] have demonstrated ‘self-healing’ of graphene by thermal annealing,
after initial Ar+-ion bombardment. In their study, the reduction of the ID/IG ratio is even
more pronounced, with a minimal value of about ID/IG = 0.25, after annealing at 800◦C.
However, the relative width of the 2D-peak is increasing significantly (factor > 2) when
the annealing temperature exceeds 300◦C. This indicates a graphene layer whose quality
has worsened.

At similar intensity ratios in comparison to those of Chen et al. [Che13], namely ID/IG ≈ 0.5,
here only an increase of the 2D-peak width by a factor of about 5%, after thermal annealing,
for a total of 24 h at 300◦C (Figure 7.14). Thus, the quality of the graphene layer is better
after the combination of ‘tritium exposure + thermal annealing’ compared to ‘Ar+-ion
bombardment + thermal annealing’.

The above estimate (ηT ≈ 7.4− 8.7%), obtained under the assumption that vacany-type
defects are not reversible, is therefore not accurate and likely overestimates the tritium
coverage. Nevertheless, these observations indicate that the change in the Raman spectra
seen after thermal annealing exceed the expected effects if self-healing were the only
mechanism in play and show that there is a significant tritium coverage of a few percent.

7.7. Concluding remarks

A loading chamber for the exposure of graphene samples to tritium gas was set up,
commissioned, and used in a first graphene-loading experiment. For this proof-of-concept
experiment, the self-radiolysis of tritium is taken advantage of. In the loading chamber, a
graphene sample can be contacted with spring-loaded contacts for in-situ sheet resistance
monitoring. This is crucial for graphene-loading experiments with tritium because this is
the first time these experiments are conducted. Therefore, critical experimental parameters,
like the timescale of the loading process, were unknown prior to this work. It was observed
that the sheet-resistance reaches a plateau after 55 h of tritium exposure at 400mbar. In
the future, these parameters can be used as an input for tritium↔graphene simulations
and for the planning of follow-up experiments.

During the commissioning of the loading chamber, it was found that the setup is not suitable
for in-situ high-temperature thermal annealing for desorption measurements. Systematic
investigations suggest that the thermal movement of the spring-loaded contacts causes
severe damage to the graphene layer. The electrical connection of the contacts with

14It is not known whether their Raman system was calibrated for spectral intensities.
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graphene is broken, and sheet-resistance measurements are not possible any longer. The
temperature of the heating element had to be limited to 110◦C to minimize the damage
and the occurrence of this problem. As a consequence, the thermal annealing had to be
done ex-situ, without in-situ sheet resistance measurement, in a tritium compatible oven.

The second generation of the loading chamber has to be improved in this regard - some
suggestions were already made by P. Wiesen15. In short, the movement of the graphene
samples and the spring-loaded contact needs to be limited. Additionally, the graphene
layer needs to be protected from damage by the spring-loaded contacts, which could be
achieved by bonding gold contact areas in the corner of the graphene samples. Lastly, the
insertion and extraction of the graphene sample needs to be improved and made simpler to
facilitate even easier handling in a glove box.

After tritium-exposure, the graphene samples were characterized with the CRM described
in Section 4.2 (key points of its commissioning can be found in Chapter 6). By analysis
of the changes in the Raman spectra of tritiated graphene, in comparison to a pristine
graphene sample, the characteristic spectral changes were identified. The spectral changes
agree with changes observed in experiments of hydrogen-loading, reported by other groups.
Using the CRM, the spectral changes after ex-situ thermal annealing of the tritium
exposed graphene samples were studied; it was found that the spectral changes are partially
reversible, consistent with hydrogenation experiments.

Combining the sheet-resistance measurements, the Raman spectra, and thermal annealing,
the results could be compared to hydrogen loading experiments from other groups (for the
latter hydrogen coverage was quantified by XPS). From this, it was concluded that the
exposure of graphene to tritium leads to a significant tritiation (formation of sp3-type C-T
bonds) with at least 2-3% tritium coverage. These results are summarized in a journal
manuscript, which is under review; a pre-print is available in Ref. [Zel23].

15P. Wiesen: ‘Commissioning of a graphene-loading stage and conductivity measurements during first
tritium exposure’. Bachelor’s thesis. Karlsruhe: Karlsruhe Institute of Technology, 2023
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8.1. Summary

Neutrinos are fermions which - as described in the Standard Model of particle
physics (SM) - only interact via the weak force. In the SM neutrinos are described as
massless. However, since the discovery of neutrino flavor oscillations, it is known that a
distinct pattern of non-zero neutrino masses exists. Furthermore, their masses are important
parameters in the formation of structure in the early universe. Yet, the masses of neutrinos
are so small that they have still to be measured experimentally.

The Karlsruhe Tritium Neutrino (KATRIN) experiment is designed to probe the
effective electron neutrino mass m(νe) with previously unattained precision. In the ex-
periment, electrons emitted from the β-decay of tritium are observed, and the end-point
spectrum of these electrons is analyzed, to determine the neutrino mass. The current best
upper limit of

m(νe) ≤ 0.8 eV

was achieved by the KATRIN collaboration based on an initial data set [Ake22b; PDG22].
It is planned to operate KATRIN in its current configuration until 2025 with the aim to
reach a final sensitivity of better than 0.3 eV (90% C.L.), after a total measurement time
of 1000 days [Mer23; Rod23; Lok23].

A central ingredient of KATRIN is tritium, a hydrogen isotope which undergoes β-decay.
Handling tritium poses significant challenges due to (i) its radioactivity and (ii) the need
for extreme purity and stability in the experimental setup. Any unaccounted changes in the
molecular tritium source gas composition can have significant effects on the neutrino mass
measurements. Thus, the monitoring and management of tritium are pivotal to KATRIN’s
success. For this purpose, Raman spectroscopy, a powerful method for molecular analysis,
is employed at KATRIN in the form of an in-line Laser Raman (LARA) system. This
system provides detailed information about the composition of the tritium gas injected into
in the WGTS. Within the framework of this thesis, significant contributions have been
made to the gas monitoring by addressing questions regarding the long-term metrological
performance of the LARA system within KATRIN requirements.

Beyond the state-of-the-artKATRINmolecular tritium source (theWindowless Gaseous
Tritium Source (WGTS)), atomic tritium sources are a subject of increasing scientific
interest [Mon15; Pro22; Mer23]. In addition to gaseous atomic tritium sources, tritium
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chemically bound to graphene is suggested as a (quasi)-atomic solid-state tritium source
and target [Bet13; Bet19b]. This presents a potential application for Raman spectroscopy:
It can be used to characterize the tritium-graphene interaction with a Raman system that
is suitable for the chemical analysis of tritiated samples. Within the framework of this
thesis, a Confocal Raman Microscope (CRM) was designed, set up, and characterized
in collaboration with partners from the Universidad Autónoma de Madrid (UAM).
The CRM was used for first quantitative studies of tritiated graphene samples in order to
demonstrate the suitability of such a system for the envisaged applications.

Raman spectroscopy for the monitoring of continuous tritium gas flows

For the KATRIN experiment to reach its goal, the composition of the gas injected into
the WGTS needs to be monitored continuously. An ideal source would contain only pure
tritium; however, for technical reasons all six hydrogen isotopologues (T2, DT, D2, HT, HD
and H2) are present in the source in different and varying molar fractions. Most important
for the KATRIN experiment are the tritium purity ϵT and the HT/DT-ratio κ because the
three tritium-containing molecules T2, DT, and HT, can all undergo β-decay and contribute
to the measured signal. A number of systematic uncertainties depend on the mass of the
decaying molecule, which necessitates the monitoring of the composition parameters, ϵT
and κ, throughout the neutrino mass measurements. From the total systematic uncertainty
budget of the KATRIN experiment requirements on the precision and trueness of the
monitoring arise, namely a precision of ≤ 0.1% on ϵT, and a trueness of ≤ 3% on ϵT and
of ≤ 10% on κ, respectively.

In KATRIN, a LARA system is employed for this purpose. This system, which evolved
over many years at the TLK, can monitor all six hydrogen isotopologues simultaneously
and continuously with a precision of ≤ 0.1% within 60 seconds of acquisition time per
Raman spectrum [Stu10b; Stu10a; Fis11; Fis14]. From these Raman spectra the species
concentrations are extracted. In order to do this quantitatively and to fulfill the trueness
requirements, two calibration entities are required. For one, the molecule-specific theoretical
intensities are needed [Roy11; Sch14; Nie21a; Nie21b]. Second, from the experimental side,
calibration of the LARA system is required. This is achieved using the reference standard
SRM 2242 provided by NIST to determine the wavelength-dependent spectral sensitivity
of the system [Rup12; Sch14; Sch15b; Zel17].

Remaining questions to verify that the LARA system meets KATRIN requirements were
addressed within the framework of these studies, namely:

• It was shown that the LARA system can reach the necessary precision even for very
low tritium purity (ϵT ≤ 1%) by combining the Raman-spectroscopic results with
the activity monitoring from the Forward Beam Monitor (FBM). This was used
to facilitate the analysis of β-spectra from the ‘Very First Tritium’ (VFT) and
‘First Tritium’ (FT) campaigns in 2018.

• The hardware and software of the LARA system can be operated for months at a
time with minimal unplanned downtime of only about 0.5%. There was no significant
deterioration of the hardware components; over the more than five years of operation
only the CCD detector was exchanged preemptively, and the internal mechanical
shutter of the spectrometer had to be disabled.

• The SRM 2242 standard material can be used for the intensity calibration of the
LARA system, even though its certification expired at the end of 2018. This is
an important insight because only one year after the expiration of the certification,
the new SRM 2242a was released by NIST in 2019; therefore for this timespan,
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no certified reference material was available. Further complicating this subject, the
SRM 2242a was released with a new form factor, making it incompatible to use
with the existing hardware of the calibration cell. Furthermore, the SRM 2242a
certificate is going to expire on 31 December 2024, one year before the end of the
KATRIN operation with the current configuration, with no clear future prospects
as to when and if a newly certified SRM will be released. Once the SRM 2242a
became available, it was used to recalibrate the older SRM 2242. It was found that
the spectral sensitivity of the overall system changed only insignificantly in three
years of operation at KATRIN, without changes to the system.

By addressing these remaining questions, the LARA system could be operated over the
more than five years of the KNM1-11 campaigns within the bounds of the KATRIN
requirements. On average, the achieved metrological performance was

∆ϵT
ϵ̄T

≤ 1.7× 10−4 (precision),

∆ϵT
ϵ̄T

≤ 8.3× 10−4 (trueness), and

∆κ

κ̄
≤ 6.0× 10−2 (trueness),

with
ϵ̄T = (98.41± 0.45)% and κ̄ = 2.54± 1.10,

thus surpassing the KATRIN requirements by at least a factor of 1.5. The excellent
stability of the optical assembly, the optics employed and the used hardware components
results in a stable operation, as indicated by the quality of the spectra, and a stable spectral
sensitivity over many years. This demonstrates that the LARA system is set to fulfill all
requirements in the upcoming measurement campaigns.

Raman spectroscopy for tritium-graphene interactions

As stated earlier, tritium bound on graphene was suggested as a possible solid-state
(quasi)atomic tritium source / target. The interest in atomic tritium sources arises from the
fundamental limitations on the neutrino mass measurement that are associated with the
use of molecular tritium as a source of β-electrons. After the β-decay of the tritium in the
molecule, the daughter molecule is left in a manifold of excited ro-vibrational states. The
relative population of these energy states is known as the FSD, and can be calculated a
priori [Sae00]. The molecular FSD of the ground-state rotational and vibrational manifold
of the daughter molecule has a standard deviation σFSD ≈ 0.4 eV [Sae00; Bod15], thus
limiting the sensitivity of the neutrino mass measurement. Even with an unprecedented
1% theoretical uncertainty on the molecular tritium FSD, a molecular source still would
limit the sensitivity to about 0.1 eV [Pro22; Hey23].

A (quasi-) atomic tritium source would avoid these limitations. Although theoretical
calculations suggest that the improvement with tritiated graphene is less than initially
envisioned [App22; Nus22], the study of tritiated graphene is still a first building block
for more complex systems with, e.g. , carbon nanotubes or nanoporous graphene. In this
context, the exploration of tritium-graphene interactions extends beyond current neutrino
experiments and the current experimental setup of the KATRIN experiment, opening a
new R&D field within KATRIN.

In this work, the versatility and analytical power of Raman spectroscopy is used to study
tritium-graphene interactions for the first time. For this purpose, the CRM was used in
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combination with complementary methods, namely sheet resistance monitoring and thermal
annealing, to gain a first, qualitative understanding of the tritium-graphene interaction.

In a first controlled exposure of graphene to tritium in a dedicated loading system, in-situ
sheet resistance measurements via the Van der Pauw method were used to monitor
the tritium-graphene interaction [Pau58]. In these studies, it was found that the sheet
resistance reaches a plateau in a chemical equilibrium, after about 55 h of exposure to about
400mbar of tritium. When deriving the Temperature Coefficient of Resistance
(TCR) of the graphene samples prior to tritium exposure, and after tritium exposure,
it was found that the graphene changes from a metal-like behavior to an insulator-like
behavior. Thereafter, the tritium-exposed graphene samples were characterized ex-situ.
The main results from these measurements are:

• Graphene on a Si/SiO2 substrate can withstand the bombardment with ions and
electrons in the cold-tritium plasma that is created by the self-radiolysis of a tritium
gas mixture. The graphene lattice remains intact, without any large scale (≥ 7 μm)
disintegration and destruction of graphene.

• On the one hand, tritium exposure leads to a rather homogenous (maximum variation
of 2-5%) increase in the defect density across the whole 1 cm2 graphene sample. On
the other hand, microscopically, the increase in the defect density turned out to be
significant, with a defect coverage of 12-14%.

• By alternating the CRM scans with thermal annealing of the samples, the nature of
the defects could be identified. It was found that at least 2-3% of the defects are
adsorbed tritium atoms, with the remaining defects consisting of vacany-type defects
(missing carbon atoms).

In summary, it was demonstrated that the CRM in its current configuration is well suited for
first, qualitative experiments with graphene and tritium. The system is fully characterized
and well understood, enabling comparison with literature results from other groups. The
CRM was used for several measurements and studies on graphene and RW samples, some
of which were published in Ref. [Dia22].

By using graphene as a first tritiation sample, it has now been successfully demonstrated
that Raman spectroscopy in the form of the CRM can be used for the investigation of
radioactive (tritiated) samples at a total sample activity of up to 1× 1010Bq. These results
are summarized in a journal manuscript, which is under review; a pre-print is available in
Ref. [Zel23].

8.2. Outlook

Monitoring of continuous tritium gas flows

The long-term (≥ five years) operation, and intensity calibration performed over the time
span of this work, has provided answers to some still-open questions regarding the KATRIN
LARA system. With these insights, the KATRIN LARA system is deemed to operate
within specifications for at least until the end of the KATRIN data taking in the current
experimental configuration. It is anticipated that the LARA system will continue to be
used beyond that phase.

Once the TRISTAN detector is installed after 2025 [TRI21; Mer23], β-spectroscopy mea-
surements will continue to initially be carried out with molecular tritium, and therefore the
monitoring of the gas composition will still be necessary to reduce systematic uncertainties.
The LARA system is also well-equipped for that new task, and will be able to operate
within the requirements.
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Study of tritium-graphene samples / interactions

With the achieved results within this work, the CRM was established as a new system for
the study of tritium-graphene interactions at the TLK. Going forward, there are two main
opportunities for improving the system and the method.

First, in the near future, the spectrometer of the CRM will be equipped with a higher-
resolution grating. This will enable to determine the nature of the graphene defects directly
from the high-spectral resolution Raman spectra without the need for ex-situ annealing of
the samples.

Second, as the CRM was designed with high flexibility and adaptability in mind, in the
more distant future, the CRM or a system based on the CRM can be modified to either
(i) be set up in a glove box so that the tritiated samples no longer need to be exposed to
the laboratory atmosphere and can have a higher activity; or (ii) allow for in-situ Raman
microscopy on the graphene sample during exposure. The latter would allow for monitoring
the evolution of the different defect types on the graphene surface live with near-real time
resolution of 5-20 s. This would open up not only possibilities to better understand the
tritium-graphene interaction, but also the cold tritium plasma itself.

The tritiated graphene samples that were produced as part of this work are currently
being analyzed with regard to the stability of the tritium-graphene bond, using the CRM
and outgassing measurements. If they prove to be sufficiently stable to not permanently
contaminate every system they are installed in, they will be used in the near future to
measure the β-electron spectrum of decaying tritium bound to graphene using suitable
detectors.
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A. Uncertainty propagation

In general, the combined uncertainty on a function f(xi) can be calculated by ‘Gaussian’
uncertainty propagation, which is given by (see e.g. Ref. [BIP08; Sch15c]:

∆f(xi) =

√∑
i

ci ·∆xi =

√√√√∑
i

(
∂f

∂xi
·∆xi

)2

(A.1)

with

∆f(xi) : Combined uncertainy of f(xi) (A.2)

∆xi : Uncertainty of the input quantity xi (A.3)

ci =
∂f

∂xi
: Sensitivity coefficient of of the input quantity xi (A.4)

HT/DT-ratio κ

For the HT/DT-ratio κNHT
NDT

, this results in:

∆κ =

√(
∂κ

∂NHT
∆NHT

)2

+

(
∂κ

∂NDT
∆NDT

)2

(A.5)

=

√(
1

NDT
∆NHT

)2

+

(
−NHT

N2
DT

∆NDT

)2

. (A.6)

This equation can be futher simplified, when caluclating the relative uncertainty:

δκ =
∆κ

κ
=

√(
∆NHT

NHT

)2

+

(
∆NDT

NDT

)2

=
√
δN2

HT + δN2
DT. (A.7)

Thus, the relative uncertainty δκ is only dependent on the relative uncertainties δNHT, DT.
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Tritium purity ϵT

For the tritium purity ϵT,

ϵT =
NT2 +

1
2(NDT +NHT)

NT2 +NDT +NHT +ND2 +NHD +NH2

≡
NT2 +

1
2(NDT +NHT)∑

iNi
, (A.8)

this results in:

∆ϵ2T ≈
(
∂ϵT
∂NT2

)2

∆N2
T2

+

(
∂ϵT
∂NDT

)2

∆N2
DT +

(
∂ϵT
∂NHT

)2

∆N2
HT (A.9)

+

(
∂ϵT
∂ND2

)2

∆N2
D2

+

(
∂ϵT
∂NHD

)2

∆N2
HD +

(
∂ϵT
∂NH2

)2

∆N2
H2
. (A.10)

Looking at symmerty in Eq. A.8, one finds that the sensitivity coefficients can be summarized
as

a :=
∂ϵT
∂NT2

, (A.11)

b :=
∂ϵT
∂NDT

=
∂ϵT
∂NHT

and (A.12)

c :=
∂ϵT
∂ND2

=
∂ϵT
∂NHD

=
∂ϵT
∂NH2

, (A.13)

and thus

∆ϵ2T = a2 ·∆N2
T2

+ b2 · (∆N2
DT +∆N2

HT) (A.14)

+ c2 · (∆N2
D2

+∆N2
HD +∆N2

H2
). (A.15)

The sensitivity cooefficients are

a =
1∑
iNi

−
NT2 +

1
2(NDT +NHT)

(
∑

iNi)2
(A.16)

=
1
2(NDT +NHT) +ND2 +NHD +NH2

(
∑

iNi)2
, (A.17)

b =
1

2(
∑

iNi)
−
NT2 +

1
2(NDT +NHT)

(
∑

iNi)2
, and (A.18)

=
−(NT2 −ND2 −NHD −NH2)

2(
∑

iNi)2
(A.19)

c =
−(NT2 − 1

2NDT − 1
2NHT)

(
∑

iNi)2
. (A.20)

Here, even the relative uncertainty δϵT is dependent on the value of ϵT.
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B. MATLAB code for generating Raman images

This section contains the MATLAB scripts used for the creation of the Raman maps shown in
this work, e.g. Figure 7.11. Note that the scripts have not been revised for readability and
other purposes, and are shared ‘as-is’ as part of good scientific practice for reproducibility
of the results. The Raman data sets can be requested and will be shared upon reasonable
request. The necessary software packages are summarized in Table B.1.

Table B.1.: Overview of MATLAB software, functions, and scripts.

Software Comment

MATLAB∗ Version R2022a
Image Processing Toolbox Hyperspectral Imaging Library∗ version 22.1.0
Image Processing Toolbox∗ version 11.5
Parallel Computing Toolbox∗ version 7.6
function to load and prepare data loadData.m
function to fit Lorentzian to data From Ref. [Wel23]
full script (minimal working example) HeatmapScript.m

(*) Mathworks Inc., Natick, Massachusetts, United States
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loadData.m

1 function [data , ramanImage , ramanCube , xCoordinate ,

yCoordiante , backgroundArray] = ...

2 loadData(dataDir , d, nFiles , Wavenumbers , pixelCutOff ,

correctBackground , normalizeData)

3 xCoordinate = zeros(1,numel(nFiles));

4 yCoordiante = zeros(1,numel(nFiles));

5 data=cell(1,nFiles);

6 cd(dataDir)

7 parfor i=1: nFiles

8 data{i} = readmatrix(d(i).name); % read each file

9 data{i}=data{i}( pixelCutOff:end);

10 cood_string = strsplit(d(i).name , ' _ ' );
11 cood_string = str2double(cood_string);

12 xCoordinate(i) = double(cood_string (1))/1000;

13 yCoordiante(i) = double(cood_string (2))/1000;

14 backgroundArray(i) = mean(background);

15 end

16 data=cell2mat(data);

17 if normalizeData == true; data = normalize(data , ' norm ' );
end

18 ramanImage = data;

19 for i=1: size(ramanImage ,1)

20 ramanImage2 (1,:,i) = ramanImage(i,:);

21 end

22 ramanImage = ramanImage2;

23 ramanCube = hypercube(ramanImage ,Wavenumbers);

24 clearvars ramanImage2

25 data=[ Wavenumbers ,data];

26 toc

27 end
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HeatmapScript.m

1 %% Init

2 mfilePath = mfilename( ' fullpath ' );
3 if contains(mfilePath , ' LiveEditorEvaluationHelper ' )
4 mfilePath = matlab.desktop.editor.getActiveFilename;

5 end

6 [mfilePath , fName , fExt] = fileparts(mfilePath);

7 disp(mfilePath);

8
9 pixel = 1; %Select a pixel to check different effects

10 nFiles = 0; % 0 = all

11 comparePixel =[2 5];

12 nPreviewFiles = 5000;

13
14 wavelengthPath = 〈path to wavelength calibration file〉;
15 waveNumberCutOff = 300; %in cm -1

16 wavenumbers = readWavenumbers(wavelengthPath);

17 pixelCutOff = interpolateArray(wavenumbers , waveNumberCutOff);

18 wavenumbers = wavenumbers(pixelCutOff:end);

19 clearvars peakRanges;

20 peakNames = ["Si" "D" "G" "2D"];

21 waveNumbers2Crop = [[500 650];[1200 1500]; [1550 1800]; [2600

2800]]; %in cm -1

22 for i=1: size(waveNumbers2Crop ,1)

23 peakRanges(i,:) = {interpolateArray(wavenumbers ,

waveNumbers2Crop(i,1)) : ...

24 interpolateArray(wavenumbers , waveNumbers2Crop(i,2))};

25 end

26
27 readData = true;

28 correctBackground = false;

29 normalizeData = false;

30
31 dataDir = 〈path to data〉;
32 outputDir = 〈path to output folder〉;
33 mkdir(outputDir);

34 d = dir(dataDir + "\*_*_*.csv");

35 nFiles = useAllFiles(nFiles ,d);

36 nPreviewFiles = setMaxPreviewFiles(nPreviewFiles , nFiles);

37 %% Read data

38 if readData == true , [data , ramanImage , ramanCube , xCoordinate

, yCoordinate , backgroundArray] = ...

39 loadData(dataDir , d , nFiles , wavenumbers , pixelCutOff ,

correctBackground , normalizeData);end

40 cd(mfilePath)

41 RawSpectraMatrix = data (1:end , 2:end) ';
42
43
44
45
46
47 %%
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48 % Preview first n Plots

49 figure( ' Name ' ,sprintf( ' Preview of first %0.f spectra ' ,
nPreviewFiles), ' NumberTitle ' , ' off ' );hold on;

50 for n=1: nPreviewFiles

51 plot(( wavenumbers), RawSpectraMatrix(n,:), ' linewidth ' ,
1.5);

52 end

53 xlabel ("Raman shift in cm^{ -1}")

54 ylabel (" Intensity in arb. units ")

55 hold off;

56
57 RawSpectraMatrix=data (1:end , 2:end) ';
58 RawSpectraMatrix=RawSpectraMatrix ';
59 %%

60 hold on;

61 for i=comparePixel

62 plot(( wavenumbers), RawSpectraMatrix (:,i), ' linewidth ' ,
2.5);

63 end

64 for i=1: size(peakRanges ,1)

65 plot(wavenumbers(peakRanges{i}), RawSpectraMatrix(

peakRanges{i},pixel), ' linewidth ' , 2.5);

66 end

67 ylim([min(RawSpectraMatrix (:,pixel)) max(RawSpectraMatrix (:,

pixel))])

68 xlim([min(wavenumbers) max(wavenumbers)])

69 xlabel ("Raman shift in cm^{ -1}")

70 ylabel (" Intensity in arb. units ")

71 for j=1: size(peakRanges ,1)

72 [LFit , fitResults ]= lorentzfit(wavenumbers(peakRanges{j}),

...

73 RawSpectraMatrix(peakRanges{j},pixel), [], [], ' 3c ' ,
optimset( ' Display ' , ' off ' ));

74 position = fitResults (2);

75 fwhm = sqrt(fitResults (3));

76 offset = fitResults (4);

77 area = sum(LFit -offset);

78 plot(wavenumbers(peakRanges{j}), LFit , ' -x ' , Color= ' black '
)

79 end

80 exportgraphics(gcf ,outputDir +"\"+ sprintf ("Spektrum -%d.png",

pixel) , ' Resolution ' , '600 ') ;
81 saveas(gcf ,outputDir +"\"+ sprintf ("Spektrum -%d.fig",pixel))

82 %%

83 %Init empty zero -arrays

84 peakArea = zeros(numel(peakRanges),numel(xCoordinate));

85 peakPosition= zeros(numel(peakRanges),numel(xCoordinate));

86 peakWidth = zeros(numel(peakRanges),numel(xCoordinate));

87 peakOffset = zeros(numel(peakRanges),numel(xCoordinate));

88 pixels = 1: length(xCoordinate);

89
90 %%Analyse data
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91 tic

92 for jPeak =1: size(peakRanges ,1)

93 x = wavenumbers(peakRanges{jPeak });

94 y = RawSpectraMatrix(peakRanges{jPeak} , : );

95 parfor iFile =1: nFiles

96 [LFit , fitResults] = lorentzfit(x , y(:,iFile) , [],

[], ' 3c ' , optimset( ' Display ' , ' off ' ));
97 peakPosition(jPeak ,iFile) = fitResults (2);

98 peakWidth(jPeak ,iFile) = sqrt(fitResults (3));

99 peakOffset(jPeak ,iFile) = fitResults (4);

100 peakArea(jPeak ,iFile) = sum(LFit -fitResults (4));

101 if mod(iFile , 500) == 0; disp(iFile); end

102 end

103 end

104 toc

105
106 %%Plot data

107 peakParameter = peakArea;

108 for i=1: size(peakRanges ,1)

109 figure( ' Renderer ' , ' painters ' , ' Position ' , [10 200 900

700], ' Name ' ,sprintf( ' Heatmaps %s ' , peakNames(i)), '
NumberTitle ' , ' off ' );

110 fig = scatter(xCoordinate ' , yCoordinate ,25, peakParameter(i
,:) ,"filled", ' s ' );

111 xlim([ quantile(xCoordinate ,0.01) , quantile(xCoordinate

,0.99) ]);

112 ylim([ quantile(yCoordinate ,0.01) , quantile(yCoordinate

,0.99) ]);

113
114 xlabel ({ ' position (in steps) ' })
115 ylabel ({ ' position (in steps) ' })
116 set ( gca , ' xdir ' , ' reverse ' )

117 c = colorbar;

118 c.Label.String = sprintf ("%s-peak intensity (arb. units)",

peakNames(i));

119 colormap jet

120 clim([ quantile(peakParameter(i,:) ,0.05) , quantile(

peakParameter(i,:) ,0.95)])

121
122 exportgraphics(gcf ,outputDir +"\"+ sprintf ("Heatmaps -%s.tiff

",peakNames(i)) , ' Colorspace ' , ' gray ') ;
123 exportgraphics(gcf ,outputDir +"\"+ sprintf ("Heatmaps -%s.png

",peakNames(i)) , ' Resolution ' , '600 ') ;
124
125 end

126
127 %% Helper functions %%%%

128 function wavenumbers = readWavenumbers(wavelengthPath)

129 wavelength = readmatrix(wavelengthPath);

130 wavenumbers = 1e7 *(1/532 - 1./ wavelength);

131 end

132
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133 function [nFiles ]= useAllFiles(nFiles , allFiles)

134 if nFiles == 0

135 nFiles = length(allFiles);

136 end

137 end

138
139 function [nPreviewFiles ]= setMaxPreviewFiles(nPreviewFiles ,

nFiles)

140 if nPreviewFiles > nFiles

141 nPreviewFiles = nFiles;

142 end

143 end

144 function [xIndex] = interpolateArray(array , yValue)

145 xIndex = fix(interp1(array ,find(array),yValue));

146 end
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C. Matchbox laser manufacturer test report

Power Stability

Set Optical Power Power DAC value Noise 20Hz -
20MHz

8 Hour Test

RMS Peak-to-peak Std. deviation Mean power

102.0 mW 4030 0.81% 0.89 % 5.35% 0.951 mW 107.01 mW

Integrated Optics, UAB 
Company code: 302833442 
VAT No: LT100007179012 
https://integratedoptics.com 
info@integratedoptics.com 

PART NUMBER 0532L-15B-NI-PT-NF LASER TEST REPORT
ITEM NAME 532 NM LASER (DPSS; PM FIBER) S/N 913532

Spectrum and Polarization

Center wavelength Spectral width Polarization
extinction ratio

532.08 nm <0.025 nm 21 dB

NOTE! The resolution of HighFinesse LSA Standard is 20 pm (400 to 600 nm) and 30 pm (600 to
1100 nm). Indicated spectral width is based on internal calculation algorithm of the spectrum
analyzer, which can't calculate beyond 5 pm. Dynamic range of the OSA is about 20 dB.

OSA measurement:

Long Term Power Stability Graph: 

Special notes related to the laser:
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D. Raster scans of graphene sheets and GFET sensing devices

D.1. Pristine graphene on a Si/SiO2-substrate

In Figure D.1, representative Raman maps of a pristine graphene-on-Si/SiO2 sample from
Graphenea are shown [Gra23a]. The raster scan is performed with the same step-width
as the tritiated sample that is shown in Figure 7.11 in Chapter 7, namely ∆S = 6.25 μm.
Note that this is not the same sample as shown in Figure 7.11 because the sample shown
here was destroyed during the commissioning of the tritium loading chamber, as described
in Section 7.3. However, the pristine samples from Graphenea all look homogenous with
the current spatial resolution of the CRM.

For the generation of these maps, the Raman peaks of graphene (2D-, G-, and D-peak) are
fitted with a Lorentzian and normalized to the intensity of the TO-peak of Si(O2). The
Matlab code used for the generation of these maps is given in Appendix B.

Figure D.1.: Raman maps (with step size ∆S = 6.25 μm) of a pristine graphene-on-Si/SiO2

sample. (a) 2D-peak; (b) G-peak; and (c) D-peak of graphene. The peak intensities are
normalized to the TO-peak of Si(O2).
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D.2. GFET device with different spatial step-increments

In order to demonstrate the effects of under- and over-sampling on the Raman maps, the
Raman maps from raster-scans of a GFET-sample are shown in Figure D.2. The sequence
displays the same area segment of the device – indicated in panel (a) of the figure – with a
series of different step widths, namely ∆S = 7 steps ≡ 8.75 μm, ∆S = 4 steps ≡ 5.0 μm and
∆S = 2 steps ≡ 2.5 μm. The raster maps shown here are for spectral slices for the three
main graphene peaks.

All spectral raster maps clearly reveal the “edges” between the graphene chip and the
Si/SiO2 substrate (or metal contacts), regardless of spatial step-increment; these are
different in data panels (b) to (d), equal in data panels (d) to (f)). In addition, the spectral
image maps shown in panels (d) to (f) for the different graphene peaks stem from the same
raster-scan and thus are directly correlated, in contrast to the sequence shown in panels
(b) to (d).

With the spatial step increment ∆S = 2 steps ≡ 2.5 μm (substantially smaller than the
laser spot with FDB≈ 7.3 μm) some ‘structural features’ can be identified as being common
to all three spectral images, (d)-(f).

Figure D.2.: CRM Under- and Over-sampling. Images adapted from [Dia22]; details can
be found in the text.
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E. Exposure of a gold-coated rear-wall (RW) sample to tritiated
methane

In a series of test measurements, attempts were made, using CRM raster scanning, to
explore whether deposits on the Rear Wall (RW) of KATRIN’s rear section could be
analyzed, in principle (see Section 2.2.3 for the reasoning as to why such an analysis is
desirable).

For this, a number of samples – resembling in their makeup the RW material – were
investigated. As the RW itself, these were of layered structure, namely of V4A stainless
steel (substrate bulk) with a top coating of 1 μm of gold. Their size is approximately
0.8mm× 0.6mm (see Figure E.3a). Samples were characterized using the CRM system; a
representative Raman spectrum of a cleaned RW sample is shown in Figure E.3b, which is
compared to the spectrum from pure gold (taken from a measurement of a GFET-sample,
as shown in Figure 6.1). As can be seen, the RW spectrum is largely dominated by
the fluorescence background from gold. In addition, a few small Raman features can
be observed; however, these were not analyzed in detail. It is thought that the (small)
feature at 2900 cm−1 is probably associated with the -CH3 stretching mode, originating
from residues from the cleaning process with acetone prior to the loading experiment.

A small area of 0.63 cm×0.05 cm in the upper-left corner of the sample (see top in Figure E.4),
that was later used in the tritiated-methane exposure experiment, was scanned with high-
spatial resolution (∆S = 6.25 μm), using a laser power of 100mW and an acquisition time
of tacq = 5 s per spectrum. The related Raman map is shown Figure E.4; the signal is
strongest at the locations of scratches in the surface. This is not overly surprising, since
any residues are likely to accumulate in the vicinity of these surface-roughness locations.

In order to evaluate the feasibility of detecting minute amounts of deposits (in the discussion
in Section 2.2.3 one hypothesis pointed at tritiated amorphous carbon (aC:T)) some of
the RW-type samples were exposed to a tritium-substituted methane gas mixture in a
rudimentary proof-of-concept loading chamber.

Said proof-of-concept loading chamber consists of a stainless-steel connector element with
DN40CF flanges, mounted in vertical orientation and closed on both ends with blind flanges;

(a) (b)

Figure E.3.: Image and Raman spectrum of Rear Wall (RW) samples. (a) Image of
RW-samples. (b) Representative RW Raman spectrum (black trace), in comparison to a
Raman spectrum of gold (orange trace).
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Figure E.4.: Rear Wall (RW) sample scan before the loading experiment, i.e., exposure
to tritiated methane (the scanned area is indicated in the image of the sample). For the
generation of the map, the Raman peak at ∼ 2900 cm−1 is fitted with a Lorentzian curve;
its normalized intensity is shown. The white-stripe area corresponds to an error in the
data saving during the two-week-long scan. For further details, see text.

the lower blind flange has four milled recesses, into which the samples are placed. Two VCR
access ports are mounted on the sides, facilitating filling and emptying of the chamber.

The loading chamber was connected to the sampling port II of the Tritium-Hydrogen-
Deuterium (TriHyDe) facility via one of the VCR ports. During commissioning, a
pressure rise test on the connected system is used to demonstrate a leak rate of less than
1× 10−9mbar L s−1. The tritiated methane mixture was prepared by D. D́ıaz Barrero and
T. L. Le in the CAprice PERmcat (CAPER)[Bor05] facility at the TLK [Dı́a23].

After exposure for several days, the loading chamber was evacuated for two additional days.
Before the tritium-exposed RW sample can be placed in the CRM, the total activity had
to be measured to demonstrate that the activity is below the legal limit of 1 × 1010Bq.
The activity measurement was carried out in two steps.

First, a so-called wipe test was performed on the RW sample. For the wipe test, a styrofoam
strip is wiped across the surface of the sample, which is then dissolved in scintillation liquid.
The activity of the liquid is measured via LSC. However, these results were not conclusive
due to the large uncertainty associated with this method. It should be noted that, it
is possible that a significant amount of deposited and/or adsorbed of tritiated methane
on the RW surface was removed during the wiping. Second, the sample was placed in
a bomb-calorimeter for seven days. Using this measurement, it was confirmed that the
activity on the RW sample is below 1× 1010Bq. However, the absolute value could not be
determined since the lower limit of detection of the bomb calorimeter is around 1× 1010Bq.

A Raman scan was repeated for an area close to the originally scanned area (indicated in
Figure E.4), with an acquisition time of tacq = 30 s per spectrum. However, since the RW
sample has no ’land-mark’ optical features, which could be used for exact alignment, the
scanned regions are not the same, or even necessarily overlapping.

The Raman scans of the exposed RW sample reveal four characteristic types of spectral
features, as shown in Figure E.5b:

1. A broad fluorescence signal from the gold surface; this is present as a background signal
in all spectra. A representative Raman spectrum of gold (Au) is included in the figure
(orange trace).
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2. A single (or series of) Raman peak(s) at around 2900 cm−1. In the literature, this is
associated with the C-CH3 or C-H stretching modes [Šeb13]. The presence of this peak
indicates the presence of some organic material on the gold surface.

3. Broad spectral features above the expected background level from the gold surface.

4. At some locations within the scan area, Raman feature-rich spectra are observed (see
the spectrum of “component 3”, blue trace).

For the analysis of this data set, Principal Component Analysis (PCA) was used
to identify the principal components and their respective spectra; these spectra (see
Figure E.5a) are then used as input for a multicomponent analysis. The false-color maps
for each component are combined to obtain the full component map (Figure E.5b).

Using a reference measurement of the styrofoam used for the wipe test, Component 2 and
Component 3 can be identified as being, most likely, remains of the styrofoam material
(see Figure E.6 for a comparison of Styrofoam and RW sample spectra). Component 1
could not be identified, since the one strong peak could not be matched to any specific
organic molecule. In conclusion, even though no tritiated methane depositions could be
identified, these results established that spatially-resolved, chemical-specific Raman maps
can be generated from samples akin to the RW-material used in the KATRIN experiment.

(a) Component Raman spectra (b) Component map

Figure E.5.: Raman image scan of the RW sample after exposure to tritiated methane. (a)
Representative Raman spectra of the different “chemical” components on the gold surface.
(b) False-color component map; for easier visualization and better contrast, the gold signal
areas are displayed in white.
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Figure E.6.: Comparison of the observed spectra from the RW sample exposed to tritiated
methane with a reference spectrum of a Styrofoam sample. The regions of Raman bands
expected for the styrene group (see e.g. Ref [Nod00]) are indicated.
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ADEI Advanced Data Extraction Infrastructure 47, 49, 68

ASTM International American Society for Testing Materials 92

BAFA Federal Office for Economic Affairs and Export Control 47

BLG Bilayer graphene 40, 102, 103

CAPER CAprice PERmcat 148

CRM Confocal Raman Microscope ix, xi, 3, 17, 38, 40–43, 47, 53, 54, 56–58, 60–62, 65, 66,
89–92, 94–102, 105–107, 109, 119, 122, 126, 130, 132–135, 145–148

FBM Forward Beam Monitor 68, 76, 78, 87, 132

FPD Focal Plane Detector 14, 17

FSD Final States Distribution 2, 18, 20, 22, 23, 133

FT ‘First Tritium’ 68, 70, 76, 78, 80, 132

HSR high-spatial resolution 122–126

IDLE Intermediate Data Layer for Everyone 49

KATRIN Karlsruhe Tritium Neutrino 1–4, 13–19, 21, 22, 24, 31, 43, 46, 47, 49, 68–70, 72,
75–78, 83–88, 131–134, 147, 149

KNM KATRIN Neutrino Mass ix, xi, 16, 21, 46, 68, 70–76, 80, 83, 85, 87, 133

LARA Laser Raman 2, 3, 15, 21, 25, 31, 32, 43, 46, 47, 49, 51, 68, 69, 74–78, 80, 83, 84,
86–88, 107, 131–134

LOD Limit of detection 69

LSC Liquid Scintilation Counting 126, 127, 148

LSR low-spatial resolution 122–124

MAC-E Magnetic Adiabatic Collimation with Electrostatic 1, 13, 14, 16, 17, 77

MFD Mode-field diameter 54

MS Main Spectrometer 14, 16, 17, 77

NA Numerical Aperture 56–58, 106

NIST National Institute of Standards and Technology 2, 21, 82, 84, 87, 98, 132

PCA Principal Component Analysis 149
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Glossary

RCF Rolling Circle Filter 46

RS Rear Section 14, 17

RS Run Summary 49

RW Rear Wall x, 17, 106, 107, 112, 134, 147–149

SCARF Savitzky–Golay Coupled Advanced Rolling Circle Filter 46, 65, 70

SDS Source and Detection Section 14

SEM Scanning Electron Microscopy 89, 103, 105, 106

SLG Single-layer graphene 40, 102, 103

SM Standard Model of particle physics viii, 1, 4–9, 131

SRM Standard Reference Material 2, 21, 68, 69, 80, 82, 89, 98, 132, 133

STS Source and Transport Section 14

TCR Temperature Coefficient of Resistance 116, 117, 119, 120, 126, 134

TLG Trilayer graphene 102, 103

TLK Tritium Laboratory Karlsruhe 3, 14, 15, 22, 25, 46, 47, 49, 60, 81, 82, 89, 118, 132,
135, 148

TriHyDe Tritium-Hydrogen-Deuterium 49, 81, 118, 148

TSS Tritium Separation System 69, 118

UAM Universidad Autónoma de Madrid 3, 43, 62, 132

Van der Pauw Van der Pauw 108, 110, 113, 115, 119, 123, 134

VFT ‘Very First Tritium’ 68, 76, 80, 132

WGTS Windowless Gaseous Tritium Source viii, 1, 14–17, 19–21, 44, 69, 70, 76, 80, 88,
131, 132

XPS X-ray Photoelectron Spectroscopy 109, 128, 130
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