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1. Introduction

Although the neutrino seems to be by far the lightest particle in the universe it is believed
to be vital to the past and future development of our universe. Until today the neutrino
mass could only be determined to an upper limit of 2 eV/c2. The goal of the KArlsruhe
TRItium Neutrino (KATRIN) experiment is the determination of the neutrino mass from
the tritium beta-decay with a sensitivity of 0.2 eV/c2 (90% C.L.). To achieve this level
of sensitivity it is necessary to monitor the stability of the retarding potential at the
main spectrometer of the KATRIN experiment closely. The Condensed Krypton Source
(CKrS) is one of the means for this type of monitoring. In order to work properly, absolute
cleanliness of theHighlyOrdered PyrolyticGraphite (HOPG) substrate, a key component
of the CKrS, is imperative.

This diploma thesis adresses the issues of the CKrS being prepared for installation at the
KATRIN experiment, which includes development of the motorization and motion control
and employing laser ablation as a method for cleaning the HOPG substrate.

1.1. The beginning of neutrino physics

The discovery of radioactivity by A.-H. Becquerel in 1896 gave rise to a number of experi-
ments that aimed at determining the structure of atoms and atomic nuclei. Three types of
radiation were discovered and labeled as α , β and γ radiation. α radiation — consisting
of helium nuclei [Rut08] — and β radiation — being electrons [Kau02] — are emitted
from unstable nuclei. These emissions usually leave the nucleus in an excited state. The
transition to a less excited state or the ground state is accomplished through the emission
of γ radiation, which is high-energy electromagnetic radiation of a few MeV [Rut14]. The
spectra of α and γ radiation proved to be discrete. In a two-body decay, where the nu-
cleus would retain only a small amount of recoil energy the electron should carry the same
amount of energy in every β-decay of a given isotope. However, in 1914 J. Chadwick and
H. Geiger discovered the β-spectrum to be continuous [Cha14]. It seemed that the laws of
conservation of energy, angular momentum and quantum mechanical spin statistics were
violated.

In an attempt to correct the apparent mistake, W. Pauli [Pau30] postulated a third particle
in the β-decay he called neutron. It was supposed to have a spin of 1/2, no electrical charge
and its mass was assumed to be of the order of the electron mass. Consequently the β-decay
could be described as a three-body decay and the continuous spectrum could be explained.
In 1932 J. Chadwick discovered an electrically neutral nucleon, which nowadays is known
as the neutron [Cha32]. The neutron, which had nearly the same mass as a proton, was
evidently too heavy to be the third particle in the β-decay. The theoretical characterization

1



2 1. Introduction

of the β-decay, which included the “neutrino”1, was accomplished by E. Fermi [Fer34] in
1934. In this theory the neutrino had no mass and the progeny, neutrino and electron,
were generated only during emission. Fermi’s theory successfully described the life time of
β-unstable nuclei and the shape of the spectrum. It is still valid today, with only small
corrections in the low-energy limit of the weak interaction.

1.2. The experimental search for the neutrino

It was not until 1956, 26 years after W. Pauli postulated the neutrino, that F. Reines and C.
L. Cowan succeded in detecting the neutrino by investigating the inverse β-decay

ν̄e + p→ n+ e+ (1.1)

using a nuclear reactor at the Savannah River power plant as a source for antineutrinos
which are produced in the β-decay of the fission products and of free neutrons.

n→ p+ e− + ν̄e (1.2)

Figure 1.1.: Schematic of the experiment of Reines and Cowan in 1956. The light
blue area depicts the scintillation detector. The description is found in the text below.

The detector consisted mainly of water with a scintillator material and cadmium chloride
[Ron58]. The water provides the target protons for the ν̄e − p reaction. The positron
from the inverse β-decay quickly finds an electron for an anihilation reaction. Two γ-rays
are emitted in opposite directions and have the characteristical 511 keV each. The γ-
rays are detected with the scintillation detector and the scintillation light is picked up by
photo multiplier tubes (PMT). These signals constitute the first signal in the detection of
the antineutrino. The second signal comes from the neutron and its interaction with the

1Pauli’s neutron was ultimately named neutrino which means small neutron (ital.)
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cadmium chloride. When the cadmium absorbes a neutron, it reaches an excited state,
followed by the emission of a γ-ray.

n+108 Cd→109 Cd∗ →109 Cd + γ (1.3)

The cross section for the ν̄e− p reaction was found out to be a mere

σ̄ = (11± 2.6) · 10−44 cm2 [Rei59] (1.4)

and is in accordance with Fermi’s theory. Today we know that the reason for this small cross
section is that the neutrino only interacts weakly with matter. The force carriers of the
weak interaction are the Z0, W+ and W− bosons, which have a mass of mZ0 = 91.2 GeV
and mW = 80.4 GeV [Nak10]. The uncertainty principle states that the range for
interaction is reduced when the mass of exchange particles grows.

1.3. Neutrinos in the standard model of particle physics

In 1962 it became clear that there were more than one kind of neutrinos when the muon
neutrino was discovered at the ASG accellerator in Brookhaven. Nowadays the standard
model distinguishes twelve fundamental fermions (quarks and leptons) and their respective
anti particles. The fundamental particles are categorized into three families (generations)
of leptons according to their masses. There are six kinds (flavours) of quarks, which are

Figure 1.2.: The standard model of particle physics. Figure adapted from [Mis06].

grouped into three colours red, green and blue. The leptons are arranged into doublets
(νe,e), (νµ,µ) and (ντ ,τ)2). All neutrinos carry zero electrical charge and all charged

2The τ lepton was discovered in 1975 at the Stanford Linear Accelerator Center (SLAC) by M. L. Perl
et al. [Per75]. The existence of the ντ was verified by the DONUT experiment in 2000 [Kod01].
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leptons carry a charge of −e. Quarks carry a charge of +2/3 · e or -1/3 · e. (figure 1.2).
The antiparticles have the same mass, but opposite electrical charge, colour and I3 (third
component of the weak isospin).

1.4. Neutrino sources

1.4.1. Natural neutrino sources

There are a number of natural neutrino sources. The sun for example emits neutrinos
during fusion of hydrogen to helium.

4p→ 4He + 2e+ + 2νe (1.5)

This is only one of the possible types of fusion in the sun. Solar neutrinos have energies of
Eν ≈ 0.3 MeV.

Supernovae type II3 are another strong neutrinos source. They produce about 1057

electron neutrinos with energies of ≈ 10 MeV during the gravitational collaps when huge
amounts of electrons are captured

e− + p→ n+ νe. (1.6)

However, 90% of the neutrinos produced in a supernova type II are emitted during the
cooling of the resulting neutron star.

Cosmological neutrinos are comparable to the cosmic background radiation. They stem
from the thermodynamic equilibrium shortly after the big bang and have cooled down due
to the Hubble-Expansion of the universe. There are about 336 ν/cm3 in the universe4 at
a temperature of Tν ≈ 1.95 K (Eν ≈ 5 · 10−4 eV)[Rin05].

Highly energetic cosmic neutrinos with energies of Eν > 106 GeV occur, when high
energy protons from the cosmic radiation interact with target protons or photons in inter-
stellar space. Kaons and pions are generated and decay into neutrinos among other things.
Since neutrinos do not interact electromagnetically, their trajectory is a straight line and
their point of origin can be determined. High energy protons occur in areas with recent
supernovae where they can gain energy from shock fronts. Active galaxy centers are also
possible ν sources.

Neutrinos originate not only in space, but also in Earth’s atmosphere. Atmospheric
neutrinos are produced when cosmic radiation interacts with atomic nuclei (O, N) in the
upper atmosphere. Cascades of secondary particles with high energies, mainly kaons (K±)
and pions (π±), develop. These decay into muons (µ±) which decay further into positrons
or electrons (e±).

p+N → π±,K± → µ + νµ/ν̄µ

↪→ e± + νe/ν̄e + ν̄µ/νµ
(1.7)

3Type II supernovae occur with stars with a mass of M > Mc ≈ 8 · Msol. The solar mass is
Msol = 1.99 · 1030 kg. Supernovae type I come from stars with M < Mc and do not produce
significant numbers of neutrinos.

4The background radiation amounts to 411 γ/cm3
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Most atmospheric neutrinos have energies of Eν ≈ 100 MeV, but can go as high as
Eν ≈ 106 GeV.

1.4.2. Artificial neutrino sources

Neutrinos can be artificially produced in particle accelerators and of course in nuclear
reactors.

Reactor neutrinos (ν̄e) come from the neutron decay of the fission products (see equa-
tion 1.2) and have energies of Eν < 10 MeV. With every fission about 6 neutrinos are
emitted.

Accelerator neutrinos can have energies of up to 300 GeV depending on the method of
production. With accelerators it is possible to generate focussed neutrino beams.

1.5. Massive neutrinos

1.5.1. The solar neutrino problem

In the standard model the neutrinos are assumed to be massless. The Homestake experi-
ment which monitored the flow of solar neutrinos however showed, that far less neutrinos
from a certain fusion cycle in the sun could be detected than predicted by the standard
model.

The Homestake experiment (1970 — 1994) was conducted in an abandoned gold mine in
South Dakota by R. Davis et al. A tank with 615 tons of liquid tetrachloroethene (C2Cl4)
was set up 1400 m deep in the ground. The νe interact with the chlorine

νe + 37Cl→ 37Ar + e−. (1.8)

The radiactive argon atoms are then extracted from the tank5 and with a half-life of 35
days decay back into chlorine. With this method 1/2 37Ar atoms per day could be produced.
The rate with which the neutrinos were detected was

Homestake : 2.56± 0.22 SNU6 [Dav96], (1.9)

whereas the expected neutrino detection rate was

SSM : 9.3± 1.3 SNU [Bah95]. (1.10)

This was only about a third of the neutrinos predicted by the standard sun model (SSM).
Newer experiments like GALLEX, SAGE, Kamiokande and Super-Kamiokande also ob-
served the same reduced neutrino flow from the sun. This discrepancy was called the solar
neutrino problem which could only be explained if neutrino (flavour) oscillations were
assumed to be possible.

5The extraction efficiency lies at about 95%.
6Solar Neutrino Unit, 1 SNU = 1 νe-capture per second per 1036 target atoms
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1.5.2. Neutrino oscillations

In the past few decades several experiments on atmospherical, solar and reactor neutrinos
showed that neutrino flavours actually do oscillate. The mechanism for neutrino oscillation
is subsequently explained in short:

The flavour eigenstates |να〉 (α = e,ν,τ) are not identical to the eigenstates |νi〉 (i = 1,2,3)
of the mass operator M . With a unitary mixing matrix U the flavour eigenstates can be
described as a superposition of mass eigenstates [Sch97]:

|να〉 =
∑
i

Uαi |νi〉. (1.11)

The reversal is
|νi〉 =

∑
α

U+
iα |να〉 =

∑
α

U∗iα |να〉. (1.12)

The mixing matrix is a 3x3 matrix with three mixing angles and one phase angle which
can be CP violating.

The evolution of a mass eigenstate is described by applying Schrödinger’s equation
(~ = 1, c = 1).

|νi(t)〉 = e−iEit |νi〉 (1.13)

with Ei =
√
p2
i +m2

i ≈ p+
m2
i

2p
≈ E +

m2
i

2E
if p� mi (1.14)

This means that different mass eigenstates are propagating with different phase factors,
if mi 6= mj for i 6= j. After the time t an originally (at t = 0) pure flavour state will
become:

|ν(t)〉 =
∑
i

Uαie
−iEit |νi〉

(1.12)
=

∑
i,β

UαiU
∗
βie
−iEit |νβ〉 (1.15)

If the neutrino travels a distance d or rather for a time t before being detected through a
process of weak interaction, it is possible to produce different leptons lα and lβ . The transi-
tion probability P (α→ β; t) ≡ |〈νβ|ν(t)〉|2 is calculated as follows:

P (α→ β; t) =

∣∣∣∣∣∑
i

UαiU
∗
βie
−iEit

∣∣∣∣∣
2

(1.16)

=
∑
i

∣∣UαiU∗βi∣∣2 + 2<
∑
j>i

UαiU
∗
αjU

∗
βiUβje

−i(Ei−Ej)t (1.17)

Considering an ultra relativistic neutrino, the time t is equivalent to the distance the
neutrino travels d ≈ ct = t, for c = 1. In conjunction with equation 1.14 the phase
difference in the second part of equation 1.17 becomes:

(Ei − Ej)t ≈
m2
i −m2

j

2
·
d

E
≡

∆m2
ij

2
·
d

E
(1.18)
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The average in time t, distance d or energy E of the first part of equation 1.17 represents
the average transition probability:

〈P (α→ β)〉 =
∑
i

∣∣UαiU∗βi∣∣2 =
∑
i

|U∗αiUβi|
2 = 〈P (β → α)〉 (1.19)

Analysis of the average transition probability reveals information about the parameters of
the mixing matrix. Equation 1.18 shows that the transition probability changes periodically
with d/E. This means that the second part of equation 1.17 describes the process of
neutrino oscillation. This however is only possible, if at least one of the neutrino masses
mi 6= 0, otherwise all ∆m2

ij disappear.

For a demonstration of this issue, consider two flavour mixing with only two kinds of
neutrinos, one mixing angle θ and no complex phase:(

να
νβ

)
=

(
cos(θ) sin(θ)
−sin(θ) cos(θ)

)
·
(
ν1

ν2

)
(1.20)

This results in the following transition probability from one flavour state to another:

P (α→ β; d) = sin22θ

(
∆m2

4

d

E

)
(1.21)

Obviously, the mixing angle θ and the mass difference ∆m2 cannot be zero for neutrino
oscillation to happen. The mixing angle defines the amplitude and the mass difference,
energy and distance define the phase of the oscillation.

Neutrino oscillation is strong evidence for nonzero neutrino rest masses, but experiments
in this field are only sensitive to mass differences ∆m2

ij as indicated by equation 1.18.
It is merely possible to derive the lowest possible mass for one of the involved neutri-
nos from the mass difference, the answer to the question on absolute masses mi however
remains hidden to such experiments. All the illustrations in this section are only valid
in vacuum. Neutrino oscillation in matter may be different, because of the MSW-effect7

[Sch97].

The Homestake experiment could only detect the electron anti neutrino and therefore was
not able to prove that neutrino oscillation really existed. Several newer experiments were
conducted, which were able to verify this hypothesis.

1.5.3. Experiments on neutrino oscillations

In 1998 the Super-Kamiokande (SK) cooperation showed that neutrinos which originate in
the Earth’s atmosphere showed flavour oscillation. The SK detector was a cylindrical tank
filled with 50 kilotons of ultra clean water which was surrounded by 11 200 PMTs and was
seated in the Kamioka mine (Japan) approximately 1000 m below the surface. Through an
interaction in the tank the neutrinos could produce charged leptons l±α (να + N → l−α + X
and ν̄α + N → l+α + X) which themselves produced Cherenkov radioation due to their

7The resonant influence of matter on the probability for flavour transition was named MSW-effect after
its discoverers S. Mikheyev, A. J. Smirnov and L. Wolfenstein.
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Figure 1.3: A deficiency in νµ
depending on the zenith angle
could be observed by the Super-
Kamiokande experiment. The
continuous line shows the expected
neutrino flow without flavour oscil-
lation, the dotted line is a fit to the
data which is consistent with two
flavour mixing (νµ → ντ ) [SK04].

high velocity. This light was then detected with the PMTs. The different ring shaped
images of the Cherenkov cone could be used to distinguish between signals from νe and
νµ

8. It was observed that there was a correlation between the number of events from νµ and
the zenith angle. The data shows consistently the case of two flavour oscillation νµ ↔ ντ

9.
The correlation originates in the different distances d the neutrinos travel depending on
the zenith angle (dmin ≈ 20 km and dmax ≈ 13 000 km).

The data from three phases of data taking (SK I, SK II and SK III) result in best fit
value of ∆m2

23 = 2.1 · 10−3 eV2/c4 and sin2(2θ23) > 0.93 at 90 % C. L. [Abe11] which is
compatible with “maximum mixing” at sin2(2θ23) = 1.

In 2001 the SNO collaboration (“Sudbury Neutrino Observation”) showed that the cause
for the solar neutrino problem was indeed the neutrino flavour oscillation [Ahm01]. In
their experiment they set up a spherical detector of 1000 t D2O surrounded by 9456 PMTs
in a mine near Sudbury, Canada. To shield from cosmic radioation the experiment took
place over 2000 meters under ground. The neutrinos can be observed through three types
of interaction:

νe + d → p + p + e− (CC, charged current), ΦCC = Φe,
να + d → p + n + να (NC, neutral current), ΦNC = Φe + Φµτ ,
να + e− → να + e− (ES, elastic scattering), ΦES = Φe + 0.16 Φµτ .

The CC and ES interactions can be identified by their characteristic Cherenkov light.
When deuterium captures the neutron from a NC interaction, 6.25 MeV γ radiation is
emitted [SNO02]. This way all three kinds of neutrinos να (α = e, µ, τ) can be detected.
With SNO, in addition to the reduced electron neutrino flow Φe, a flow of νµ and ντ from
the sun was observed. Since only νe are produced in the sun, the other neutrino flavours
should develope due to oscillation. The flows Φe and Φµτ which were measured in the
experiment consistently add up to the expected neutrino flow from the SSM, as shown in
figure 1.4.

8The signals of interacting νe would produce blurred rings, whereas νµ-rings were sharp.
9Oscillation to νe is minimal, if not zero.
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Figure 1.4: Φe versus Φντ . The area between the
dashed lines represents the total 8B flux predicted
by the SSM. The narrow grey band parallel to the
SNO ES band represents the Super-Kamiokande
result for the ES channel [Fuk02]. The point rep-
resents Φe from the CC channel and Φνµ from the
NC-CC difference with the 68%, 95% and 99%
C.L. contours included [Aha05].

1.6. Determination of the absolute neutrino mass

Since neutrinos have nonzero rest mass and due to their great number, they make up
a significant percentage of the matter in the universe. The magnitude of this percentage
depends on the absolute mass of the neutrino, and there are several experiments attempting
to determine it.

A number of experiments try to find the mass of cosmic neutrinos. A combination
of the data of SDSS-III, WMAP7 [Lar10] and HST10 [Rie11] measurements result in∑
ν
mν < 0.26 eV/c2 as the sum of all three neutrino masses [Put12].

Experiments with the neutrinoless double beta decay present another angle to the matter of
the neutrino mass. In the 0νββ-decay two β-decays take place simultaneously in the same
nucleus. The neutrino from the first decay has to be absorbed at the vertex of the second
decay (exchange of a virtual neutrino). The Heidelberg-Moscow experiment determined
an upper limit of the effective Majorana neutrino mass mee < 0.35 eV/c2 by measuring
the half-life for the 0νββ-decay of 76Ge11 [Kla01]. The term Majorana implies one of the
conditions for 0νββ-decay; the neutrino has to be its own antiparticle (Majorana particle).
The second condition is the necessity for a change in helicity of the neutrino from the first
decay, before being absorbed at the vertex of the second decay. mee is the coherent sum of
the neutrino mass eigenstates |νi〉 with eigenvalues mνi (i = 1, 2, 3):

mee =

∣∣∣∣∣∑
i

U2
ei ·mνi

∣∣∣∣∣ (1.22)

The matrix elements Uei specify the electron flavor content of the mass states.

10SSDS-III: Sloan Digital Sky Survey III, WMAP7: Wilkonson Microwave Anisotropy Probe with seven
years of data, HST: Hubble Space Telescope

11Since no actual 0νββ-events could be determined, only a lower limit on the half life of 76Ge could be
calculated. However in a later publication part of the group claimed to have found evidence for the
0νββ-decay [Kla04]. This claim is treated very controversially.
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A direct way to determine the neutrino mass is the study of the endpoint of the tri-
tium β-decay spectrum. A detailed description of such an experiment will be given in
chapter 2. Two experiments of this type have already been conducted and their results
are:

Mainz: mνe ≤ 2.3 eV/c2 [Kra05]
Troitsk: mνe ≤ 2.2 eV/c2 [Lob11]

The KATRIN experiment will increase the sensitivity for the measurement of the neutrino
rest mass by about an order of magnitude. A neutrino mass of 0.3 eV/c2 (0.35 eV/c2)
could be determined with a significance of 3σ (5σ). At least a new upper limit of 0.2 eV/c2

at 90% C.L. could be gained [Ott08].



Thesis outline

• Chapter 1 contains a short historical summary of the theoretical and experimental
efforts to find the neutrino and measure its mass. Current results from some of the
approaches to the neutrino mass problem are given.

• In chapter 2 the KATRIN experiment is introduced. The experiment aims to de-
termine the mass of the ν̄e by analyzing the electrons from the tritium-β-decay with
energies close to the endpoint of T2-β-spectrum. The key components of the exper-
iment and their functions along with some important parameters for operation are
covered here.

• The subject of chapter 3 is the condensed 83mKr source (CKrS), the motivation for
its use and its setup.

• Chapter 4 illustrates the role and realization of ellipsometry as a method for deter-
mining the cleanliness of the highly ordered pyrolytic graphite (HOPG) substrate.
The thickness of very thin films and refractive indices of these films and the sub-
strate are also determined through ellipsometry measurements. An alternative type
of ellipsometry is introduced where some of the ellipsometry components have been
moved into the cryogenic section inside the ultrahigh vacuum chamber of the CKrS.

• Chapter 5 contains details on intended setup of the CKrS with regard to its in-
stallation at the cryogenic pumping section (CPS) of the KATRIN experiment. The
mobility of the CKrS will be ensured by a motion control for which a test assembly
and necessary software have been developed.

• Chapter 6 adresses the issue of laser ablation as a method for cleaning the HOPG
substrate. Several tests have been conducted to determine the functionality of the
ablation laser setup. An analysis of the gas composition during several phases of the
CKrS operation has been performed.

• Chapter 7 summarizes the results of this thesis and gives an outlook on future tasks
at the CKrS regarding the issues presented in this thesis.
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2. The KATRIN experiment

The KArlsruhe TRItium Neutrino (KATRIN) experiment will determine the mass of
the electron antineutrino with a sensitivity of 0.2 eV (90% C.L.) by measuring the tri-
tium beta-spectrum near its endpoint of 18.6 keV. A Magnetic Adiabatic Collimation
with Electrostatic (MAC-E) filter serves as a spectrometer for isolating the electrons with
energies close to the spectral endpoint from the lower energetic background. The setup
of the KATRIN experiment and the technical challenges will be explained in this chap-
ter.

2.1. The tritium beta-decay

In the KATRIN experiment the electrons will be produced in β-decay of gaseous tritium
(3H)1. Tritium decays into its mirror nucleus helium-3 (32He+).

3
1H −→ 3

2He
+ + e− + ν̄e (2.1)

Figure 2.1.: The β-decay of a neutron in a tritium nucleus. A neutron converts to a
proton by emitting an electron and an electron antineutrino.

In the T2-β-decay a neutron in the tritium nucleus converts to a proton by emission of
an electron and an electron antineutrino. The atomic number of the nucleus is therefore

1Tritium, which is often abbreviated by T, is an isotope of hydrogen which possesses two neutrons.
Tritium is found in its molecular form, its molecular formula is T2.

13



14 2. The KATRIN experiment

raised by one whereas the mass number remains the same:

(Z,A) −→ (Z + 1,A) + e− + ν̄e (2.2)

The decay energy is shared by the electron, the antineutrino and the daughter nucleus.
Due to the great mass difference between the daughter nucleus and the other two particles,
the recoil momentum is negligible2 [Mas07]. Therefore it can be assumed that the total
decay energy is shared by the electron and the antineutrino. The β-decay spectrum of
the electron is continuous and from its shape the mass of the electron antineutrino can be
derived.

Using Fermi’s Golden Rule the energy spectrum is calculated as the rate of emitted elec-
trons dN/dt in the energy interval [E,E + dE]:

dṄ

dE
=

d2N

dt dE
=

2π

~
|M|2 ρ(E), (2.3)

with ρ(E) being the phase space density for the possible final states of the electron and
the antineutrino and M the nuclear matrix element. For the β-spectrum this yields
[Alt03]:

dṄ

dE
= R(E)

√
(E0 − E)2 −m2

ν̄ec
4 Θ(E0 − E −mν̄ec

2) (2.4)

with

R(E) =
G2
F

2π3~7c5
cos2(θC) |M|2 F (Z + 1, E) · p · (E +mec

2) · (E0 − E), (2.5)

where:

GF Fermi coupling constant
θC Cabibbo angle
M(E) nuclear matrix element for the transition
F (Z,E) Fermi function, which considers the Coulomb interaction between

the emitted electron and the daughter nucleus
p,E momentum and energy of the electron
E0 endpoint energy of the β spectrum
mec

2 rest energy of the electron
mν̄ec

2 rest energy of the electron anti neutrino

The step function Θ (E0 − E −mν̄ec
2) ensures that neutrinos can only be emitted if the

available energy exceeds the neutrino rest energy.

For the T2-β-decay both the nuclear matrix elementM and the Fermi function F (Z + 1, E)
do not depend on the neutrino mass mν̄e . The nuclear matrix element is also energy
independent and has been calculated to |M|2 = 5.55 [Rob88].

The Fermi function with Z = 1 for tritium computes to

F (Z + 1, E = E0) = 1.1875 [Ang04]. (2.6)
2The recoil momentum lowers the endpoint of the spectrum slightly, but does not modify its shape
significantly.
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The neutrino mass affects the decay spectrum through the neutrino momentum contained
in the phase

pν =
√

(E0 − E)2 −m2
νec

4 (2.7)

Figure 2.2 shows the theoretical β-decay spectrum of tritium. Tritium has a very low
spectral endpoint E0 compared to most other β-emitters. The lower the spectral endpoint
the more pronounced is the relative influence of the neutrino rest mass. This makes tritium
suitable for neutrino mass experiments.

Figure 2.2.: Signature of a nonzero neutrino mass in the end region of the energy
spectrum from the T2-β-decay. The figure shows the complete spectrum for electrons on
the left and a magnified end region on the right. The two graphs in the right figure illustrate
how the form of the spectrum changes if the neutrino rest mass goes from mν̄e=0 eV/c2 to
mν̄e=1 eV/c2. This change concerns the complete spectrum, but is most significant at the
end point. In case of an 1 eV/c2 neutrino rest mass about 2 · 10−13 of all decays would fall
into the grey-shaded area. Figure [Ang04].

Figure 2.2 indicates that the neutrino mass is detectable as a shift of the endpoint to-
wards a slightly lower energy. However, since measurements of a spectrum contain a
significant amount of background, the exact position of the endpoint cannot be identi-
fied. The decay energy E0 of the tritium β decay from gaseous tritium was determined to
be

E0(T2) = 18571.8± 1.2 eV [Ott08]3. (2.8)

The uncertainty in this measurement is still too high to make it a good reference value
for the KATRIN experiment in order to gain a neutrino mass with the desired sensitivity.
The position of E0 and the neutrino mass squared m2

ν̄e will be free parameters in the fit
function of the measured endpoint.

As illustrated in figure 2.2 only a very small fraction of decays produce electrons with
the necessary energy to be useful for the experiment. Therefore the accepted angle of

3This result takes the mass difference between T and 3He from the Penning trap experiment [Nag06] into
account.
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emission has to be as large as possible. In the same context it is important to achieve a
low background rate and with it a good signal-to-noise ratio. Also the energy resolution
has to be in the range of the statistical sensitivity for the expected neutrino mass. A
sensitivity of mν̄e = 0.2 eV/c2 requires a relative resolution of ∆ E/E = 1:20 000. In
order to be able to fulfill these strict requirements, MAC-E filters are used in the KATRIN
experiment.

2.2. The MAC-E filter

The principle of the MAC-E filter (Magmetic Adiabatic Collimation and Electrostatic
filter) was first proposed in [Bea80]. It was used in the neutrino mass experiments in Mainz
[Pic92a] and Troitsk [Lob85] and has been developed further for the KATRIN experiment.
A significant improvement is the better energy resolution and the newly implemented wire
electrode (see section 2.3.3) for background reduction.

Mainz: ∆E/E = 4.8 eV
KATRIN: ∆E/E = 0.93 eV4

KATRIN incorporates two MAC-E filters of different resolution. One is called pre-
spectrometer and the other main spectrometer. Solenoids at the entrance and exit of
each spectrometer guide the decay electrons magnetically. The magnetic field strength de-
creases towards the center of the spectrometer where the analyzing plane is located. There
the magnetic field strength B = Bana = 0.3 mT is minimal.

Figure 2.3 shows the schematic of the main spectrometer. Electrons from the tritium source
which enter the spectrometer from one side are guided by the magnetic field towards the
detector on the other side. Due to the Lorentz force ~FL = q · ( ~E + ~v × ~B) the electrons
follow the magnetic field lines in a cyclotron motion. The kinetic energy of the electrons
can be put in terms of parallel and perpendicular to the magnetic field lines E‖ and
E⊥:

Ekin = E‖ + E⊥

= Ekincos
2θ + Ekinsin

2θ.
(2.9)

θ is the angle between the momentum and the magnetic field line and cos2θ =

∣∣∣∣ ~B ·~v
| ~B| · |~v|

∣∣∣∣. Be-
cause of the cyclotron motion the electrons retain a magnetic angular momentum

µ = |~µ| = e

2me
|~l| = E⊥

B
= const. (2.10)

which is conserved in motion as long as the changes in the magnetic field are slow during
a cyclotron step or in other words adiabatic. Due to the changes in the magnetic field
strength the electrons move inside a gradient force field

~F∇ = ~∇(~µ · ~B). (2.11)
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Figure 2.3.: Cross-section of the main spectrometer. The spectrometer vessel includes
a wire electrode (see section 2.3.3) to repell electrons from muons interacting with the vessel
hull. Air coils around the spectrometer compensate for the earth magnetic field. The spiral
line represents the trajectory of an electron along an outer magnetic field line and the red line
represents the analyzing plane. Figure [Pra11].

As the magnetic field strength drops along the field lines towards the analyzing plane so
does E⊥ for equation 2.10 to remain true. At the same time the total kinetic energy remains
conserved (equation 2.9). This implies an increase in E‖ along the magnetic field line
towards the analyzing plane. On the way to the analyzing plane where the magnetic field
strength is lowest, nearly the total kinetic energy is transformed to the E‖ component. This
is where the filtering is done. A negative voltage U0 is applied inside the MAC-E filter and
creates a retarding potential barrier which is highest in the analyzing plane. The barrier
repells electrons with insufficient energy and lets electrons pass when

E‖,A > −e ·U0 (2.12)

with E‖,A being the energy of the electron motion parallel to the magnetic field line in the
analyzing plane. The number of electrons passing the potential barrier can be varied by
adjusting U0 or by applying acceleration or deceleration voltage at the source. This way
the β-electron spectrum can be scanned.

4This resolution can be achieved if the whole of the flux tube is to remain inside the spectrometer vessel.
The resolution can be boosted at the cost of luminosity by reducing the magnetic field strength Bana
in the center of the spectrometer.
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The so-called pinch magnet, placed in front of the detector, fulfills another filtering func-
tion. Since the tritium source is located far outside the entrance solenoid of the main
spectrometer, there is a limit to the accepted decay angle5 θS,max of the β-electrons. This
is caused by the different guiding magnets’ strength at the tritium source with BS = 3.6 T
and the pinch magnet before the detector with Bp = 6.0 T. Using equations 2.9 and 2.10
the maximal accepted decay angle is

const. = µ =
sin2θS
BS

=
sin2θp
Bp

θp=90◦⇒ θS,max = arcsin

√
BS
Bp

= 50.77◦. (2.13)

Electrons with a decay angle greater than θS,max are magnetically reflected, because θp
becomes greater than 90◦ [Ang04]. A greater decay angle means a longer traveling distance
and therefore a greater chance for the electrons to scatter inelastically at the tritium
molecules inside the source. Scattered electrons would have altered energies and must not
reach the detector.

Figure 2.4.: The analytical transmission function of the KATRIN main spectrom-
eter. The figure shows the theoretical transmission function of the main spectrometer for
electrons with a given energy at the source ES as a function of the filter energy qU0. The
three parts of the transmission are distinguishable. In the left part the electron energies are
too low to pass the potential barrier. The flank in the middle part is caused by the different
angles of emission which requires the electrons to carry different excess energies when passing
the barrier. Electrons with small decay angles only need small excess energies while greater
decay angles (θS,max = 50,77◦) require higher excess energies to be transmitted. In the right
region all electrons are emitted.

If an electron has an E⊥ component close to Ekin,max = 18.57 keV at the entrance of
the main spectrometer, the maximum energy of the electron motion perpendicular to the

5The decay angle is the angle between the positive z-axis (see figure 2.3) and the momentum at which
the β-electron is emitted.
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magnetic field line in the analyzing plane will be

∆E = E⊥,max,A = Ekin,max ·
Bana
Bp

= 0.93eV
(2.14)

considering the conservation of µ. This value represents the resolution of the main spec-
trometer. These considerations result in a transmission function which is is divided into
three parts [Pic02b]:

T (ES , U0) =



0 if ES < q U0

1−
√

1− (ES−q U0)
ES

BS
Bana

1−
√

1− BS
Bsol

if q U0 ≤ ES ≤ q U0
Bp

Bsol −Bana

1 if ES > q U0
Bp

Bp −Bana


(2.15)

The transmission function only allows the transmission of electrons with θS ≤ θS,max
and depends on the energy of the β-electrons in the tritium source ES , the ratio of the
magnetic fields in the source and the analyzing plane BS

Bana
, the retarding potential U0

and the spectrometer resolution. The resolution ∆E is the energy interval in which the
transmission increases from 0% to 100% (figure 2.4).

2.3. The setup of the KATRIN experiment

The KATRIN experiment is set up at the Karlsruhe Institute of Technology (KIT). Only
there at the tritium laboratory (TLK) the necessary amount of tritium with an isotope
purity of over 95% can be allocated.

Figure 2.5.: The KATRIN experiment consists of five major sections: (a) the windowless
gaseous tritium source (WGTS), (b) the transport section with differential and cryogenic
pumping section (DPS and CPS), (c) the pre-spectrometer, (d) the main spectrometer with
the surrounding air coils and (e) the detector. The total length of KATRIN is about 70 m.

The electrons from the tritium decay in the source (WGTS) are guided magnetically
through the transport section consisting of the differential and cryogenic puming sections
towards the spectrometers. The following sections give a more detailed view on the main
components of the KATRIN experiment.
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2.3.1. The tritium source

Figure 2.6.: The windowless gaseous tritium source. The upper figure shows the density
profile of the tritium gas and the lower figure a schematic of the WGTS. Figure [Pra11].

TheWindowlessGaseous Tritium Source (WGTS) is a tube of 10 m length and a diameter
of ≈ 90 mm and contains the tritium which emits the β electrons. The source being gaseous
provides very high luminosity, and simulations indicate that the buildup of charge inside
the source is only about 10 mV [Ang04]. Gaseous tritium is inserted at 2 mbar · l/s with
an inlet pressure of 3.35 · 103 mbar into the center of the WGTS. The gas diffuses towards
the ends of the tube where the pressure drops to 4 · 10−5 mbar.

The tritium inside the source is kept at 30 K with a temperature stability of 30 mK.
At a given pressure the column density increases as the temperature decreases. A stable
temperature means a stable column density and with it a stable activity of the source. At
30 K the column density is ρd = 5 · 1017 molecules/cm2 which translates to an activity of
1011 Bq. Another measure to maintain a stable column density is the permanent exchange
of the tritium gas. The tritium inlet is 40 g/day. Turbo molecular pumps at both ends of
the tube continually remove gas. The density profile inside the WGTS is shown in figure
2.6.

The WGTS is surrounded by super conducting magnets which guide the β-electrons adia-
batically at a magnetic field strength of BS = 3.6 T. This results in a magnetic flux tube
(φ = 82 mm) of 191 T · cm2. An electron gun on the back side of the WGTS (left side in
figure 2.6) is used to measure the response function of the complete KATRIN setup and
to monitor the source column density.
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2.3.2. The transport and pumping sections

Next to the source is the transport section which contains the Differential Pumping
Section, DPS2-F6, and the Cryogenic Pumping Section, CPS. Here the electrons are
guided adiabatically by solenoids at a field strenght of 5.6 T towards the spectrometers.
The main task of the transport section is to reduce the amount of tritium, which would
otherwise reach the spectrometers. The accepted background from tritium decays inside
the spectrometers is 10−3 Hz [Ang04] which means in tritium reduction by a factor of 1014

compared to the activity inside the WGTS.

Figure 2.7.: The differential- and cryo pumping section of KATRIN. Figure [Pra11].

The DPS2-F has four bends, each housing a turbo molecular pump. The electrons follow
the magnetic field lines, whereas the electrically neutral tritium molecules fly on straight
trajectories and are removed by the pumps with a very high probability. Yet some T2

molecules may hit the walls in a fashion that allows them to pass the DPS2-F. The to-
tal tritium reduction after the DPS2-F is 107 with 102 from the DPS1-F and 105 from
the DPS2-F. The tritium which is removed by the DPS is then fed back into the T2-
cycle.

The CPS also consists of a four times bent tube, but its walls are kept at 4.2 K. Argon
snow inside the CPS increases the effective surface for a greater probability of tritium
sorption [Kaz08]. The tritium flow rate is reduced by another factor of 107. The principle
of the CPS has been tested successfully in the TRitium Argon Frost Pump (TRAP) test
setup [Stu07].

2.3.3. The pre- and main spectrometers

The spectrometer section consists of the pre- and the main spectrometer both of which
are of the MAC-E filter type (see section 2.2). The pre-spectrometer filters electrons with
E < E0−300 eV and reflects them back towards the source section. The electron flow rate

6The DPS2-F is the second differential pumping section in the forward direction. The DPS1-F is located
inside the WGTS.
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Figure 2.8.: Pre- and main spectrometer in the KATRIN setup. Electrons are pre-
selected by the pre-spectrometer (a) before they enter the main spectrometer (b). Figure
[Thu07].

is thus reduced from 1010 down to 1000 e−/s. Hereby the chance of electrons scattering
at residual gas molecules inside the main spectrometer which might cause background is
reduced.

Both spectrometers consist of a cylindrical vessel with conical ends. They mainly differ in
size due to their intended resolution. The pre spectrometer has a resolution of 100 eV at
18.6 keV, a length of 3.4 m and a diameter of 1.7 m. The magnetic field in the analyzing
plane is 2 · 10−2 T. The main spectrometer has a length of 23 m and a diameter of 10 m
and achieves a resolution of 0.93 eV as mentioned above. A diameter of this magnitude
is necessary in order to maintain the flux tube of 191 T · cm2. Otherwise electrons which
enter the spectrometer on the outer magnetic field lines would be guided into the walls
at the intended magnetic field strength of 3 · 10−4 T in the analyzing plane. The length
of the spectrometer is required for the E⊥ → E‖ transition to be adiabatic. The main
spectrometer is also surrounded with air coils to compensate the Earth’s magnetic field.
Without the air coils the electrons would recieve a drift and parts of the flux tube would
be lost at the walls.

Ionisation processes at residual gas molecules inside the spectrometers would lead to an
elevated background. For this reason the pressure will be kept at 10−11 mbar by use of six
turbo molecular pumps and SAES NEG getter pumps7.

Since the expected count rate in the KATRIN experiment is O(10 mHz), it is important
to keep the rate of background signals at a minimum. One of the two major sources of
background is the decay of Radon which is primarily found in the material of the getter
pumps in the spectrometers. The main spectrometer uses 3 km of getter material strips.
The Radon emanating from it would exceed the maximual accepted background by a
factor of 30. This background is reduced by installing liquid nitrogen cooled baffles [Fra11].
Secondary electrons induced by cosmic muons or from decays inside the spectrometer vessel
hull are the other major background source.

7NEG: Non-Evaporable Getter. Getter pumps bind gas molecules chemically to the surface. Diffusion
transports the molecules into the getter material.
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The wire electrode

The main spectrometer has been equipped on

Figure 2.9.: Double layered wire elec-
trode with the following parameters:
l1 = 150 mm, l2 = 70 mm, d1 = 0.3 mm,
d2 = 0.2 mm, s1 = s2 = 25 mm.
Secondary electrons with low energies are
reflected electrostatically towards the vessel
hull and cannot enter the flux tube. Combin-
ing the voltages on the electrode layers and
the vessel hull results in an effective poten-
tial qUeff,2 inside the spectrometer. Figure
and values: [Pra11].

the interior with a mainly double layered wire
electrode. The wire electrode is kept at a po-
tential of -200 V with respect to the the ves-
sel hull to reflect low energy electrons which
are produced inside the hull and propagate to-
wards the interior of the spectrometer back to-
wards the vessel hull. The voltage applied to
the wires also influences the retarding poten-
tial U0 in the analyzing plane of the main spec-
trometer. Therefore careful consideration was
given to the configuration of the wire electrode.

To make the installation possible in the first
place, a system of modules and mountings has
been developed. The spectrometer vessel was
equipped with rings of rails on which the mod-
ules could be moved into and anchored to their
final positions. The precision of the mounting
of the modules as well as the placement, thick-
ness and tension of the wires in every module
is paramount to the correct generation of the
retarding potential.

With the exception of the steep conical regions8

the main spectrometer was equipped with double layered electrode modules. Figure 2.9
shows a schematic of wire configuration in a double layer module. The voltages applied to
the wire electrode can be varied to help produce the intended retarding potential. A double
layered electrode was chosen to compensate for the limitations of precision engineering the
spectrometer vessel. At a diameter of about 10 m the difference in the distance l1 can be
as much as 5mm to which the Ueff of a single layered electrode would be too sensitive.
Applying voltages to the spectrometer vessel and the wire electrode results in an effective
potential qUeff rather than the sum of the applied voltages. With the electric screening
factor S, defined as

Sa = 1 +
2πla

s ln sa
πda

, (2.16)

this computes to

qUeff,1 = qUwire,1 +
qUvessel − qUwire,1

S1
(2.17)

and
qUeff,2 = qUwire,2 +

qUvessel − qUwire,2
S2

+
qUvessel − qUwire,1

S1 ·S2
. (2.18)

8The conical regions of the main spectrometer are next to its entrance and exit (see figure 2.3) and
have been equipped with single layered electrode modules. The modules were manufacured in different
shapes for the steep and flat conical regions and the central part of the main spectrometer.



24 2. The KATRIN experiment

The retarding potential can be varied to scan the endpoint of the spectrum. Alternatively
an acceleration or deceleration voltage can be applied and varied to the source section to
the same end.

The third important task of the wire electrode is the removal of electrons from penning
traps. For this pupose the electrode is divided into two halves and a different voltage is
applied to each half. In this mode of operation, the so-called dipole mode, electrons recieve
a ~E × ~B drift when inside the flux tube [Hug08], [Val09].

2.3.4. The detector

Electrons which overcome the potential barrier in the main spectrometer are accelerated
and guided towards the detector. The detector is a segmented Si-PIN diode with 148 pixels
of equal surface area. Each of the 12 ring segments on the detector contains 12 pixels except
for the center which holds only four pixels (figure 2.10). The segmentation allows for the
calibration of the transmission function for each pixel and thus identifying inhomogeneities
in the retarding potential or the magnetic fields [Ang04]. The transmission function ideally
should be the same for every detector pixel.

Figure 2.10.: The detector segmentation is shown in the left figure. The complete detector
setup (right figure [Leb10]) includes the pinch magnet which accounts for the reflection of
electrons with decay angles above 50.77◦.

To move the T2-β-signals into a lower background region, the electrons are post-accelerated
by up to 30 keV. The background in the signal region is expected to be less than 1 mHz. A
high energy resolution also helps with identifying background and ensures a narrow energy
band for signal electrons. Monte Carlo simulations show that a resolution of 1 keV is
sufficient [Ang04].



3. The condensed krypton source

In order to achieve the intended sensitivity of 0.2 eV/c2 on the neutrino rest mass the sum
of the uncertainties σtot in the KATRIN experiment has to be

σtot ≤ 0.025 eV2. (3.1)

This includes the expected statistical uncertainties from measuring the transmission func-
tion on the intervall [E0 - 30 eV, E0 + 5 eV],

σstat ≤ 0.018 eV2

and the systematical uncertainties from all components and processes in KATRIN,

σsyst,tot ≤ 0.017 eV2.

The monitoring of the retarding potential presents the greatest source for uncertainties
with σsyst,ret = 0.0075 eV2 which is also the upper limit for any single uncertainty in the
KATRIN experiment [Ang04]. This results in a tolerable fluctuation of 60 mV at most in
the retarding voltage according to

∆m2
ν = −2σ2 (3.2)

for undetected or disregarded gaussian fluctuations [Rob88]. With the retarding poten-
tial in the analyzing plane being U0 = 18.6 keV this results in a relative stability of
0.06V

18600V = 3 ppm1 which has to be maintained over the measuring period of 2 month.
Therefor KATRIN employs two mechanisms to monitor the stability of the retarding volt-
age:

1. Precise high voltage divider [Thu07].

2. Calibration sources based on a natural standard aim for a very accurate,
strictly reproducable measurement of the energies of conversion electrons, Auger
electrons or photons. A calibration source has to fulfill varius criteria to be applicable
in KATRIN, such as

• a narrow line width and good reproducibility of the line position,

• a high count rate,

• a short half-life if used in the main beam line and

• the energies of the emitted electrons (photons) have to be in the area of the
T2-β-spectrum endpoint.

1ppm: parts per million

25



26 3. The condensed krypton source

The Condensed Krypton Source (CKrS) is one of the calibration sources used in the
KATRIN experiment. To fulfill the requirements the CKrS uses the metastable 83mKr
isotope, which produces monoenergetic electrons from disexcitation of the nucleus (section
3.1) with a half-life of T1/2 = 1.83 h. The 83mKr which is produced from 83Rb through
electron capture is gaseous. A capillary tube allows the gas to pass through to the substrate
region inside an ultrahigh vacuum (UHV) chamber where it condenses to the substrate.
The substrate is made of Highly Ordered Pyrolytic Graphite (HOPG) and sits on top of a
4 K copper cold finger2. Due to the long half-life of T1/2 = 86.2 d the 83Rb cannot be kept
inside the main beam line. Long lasting contamination of the spectrometers could otherwise
be the result. Section 3.2 will give an overview of the CKrS setup and amongst other things
details to how the CKrS manages to separate the 83Rb and 83mKr.

The K-32 line position for the 83mKr decay has also proven to be very stable and repro-
ducible as shown in [Ost08]. For meaningful measurements of the transmission function
the source has to possess a high count rate (about 2.5 kHz). This can be achieved with
a modified substrate region and by heating the inner radioation shield to about 150 K
to prevent the Kr gas from condensing onto the radiation shield [Smo08]. However the
spectral line stability was not tested with this configuration. Greater outgassing would be
the result of heating the inner radiation shield which would possibly lead to more residual
gas condensing onto the substrate. This could lead to a shift of the spectral line due to a
changed work function.

2During this work the substrate was heated to about 25 - 30 K by a resistive heater to prevent hydrogen
from condensing onto the substrate. Molecular hydrogen has a boiling point of 20 K.
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3.1. Conversion electrons from 83mKr

With a probability of 100% 83Rb decays to

Figure 3.1.:Decay scheme of 83Rb via 83mKr

83Kr through electron capture. However only
a small fraction of the transitions directly
end up in a stable Kr isotope.
About 76% of the decays produce the meta-
stable 83mKr isotope. Figure 3.1 shows the
relevant decay channel for 83Rb. The energy
of the excited state I = 1/2- is 41.55 keV
and has a half-life of T1/2 = 1.83 h3. By
emitting a conversion electron the nucleus
reaches the excited state I = 7/2+ which
has a half-life of only T1/2 = 0.15 µs. Emis-
sion of another conversion electron eventu-
ally results in the stable state I = 9/2+ of
83Kr. The probability with which an elec-
tron is emitted compared to emission of a γ-quantum is given by the conversion coefficient
α. In the I = 1/2-→ I = 7/2+ transition for instance emission of an electron is 2000 times
more probable.

During the process of internal conversion, in which the conversion electron is produced,
the excited nucleus interacts electromagnetically with and transfers its energy to the
electron shell. Every time a single electron is emitted it carries the same kinetic en-
ergy4

Ekin = Eγ − Evacb . (3.3)

Ekin kinetic energy of the conversion electron
Eγ excitation energy of the nucleus
Evacb binding energy with respect to vacuum

Conversion electrons from the K-shell have an energy of 17.82 keV and a line width of 2.7 eV
[Ost08]. The line width depends on the life-time of the involved excited states.

3.2. Setup and function of the condensed krypton source

The CKrS for the KATRIN experiment has been developed and set up at Institut für
Kernphysik of the Westfälische Wilhelms-Univerität in Münster. The current setup has
been or is being tested on various aspects:

• Automation of the gas system for reproducible gas inlet [Sch11].

• Measuring the thickness of krypton films using laser ellipsometry (details in chapter
4) [Ost08], [Weg10].

3Values taken from [Nudat2].
4Please note that equation 3.3 is only valid for free atoms. Condensed atoms are subject to additional
effects i.e. the work function of the substrate [Ost08].
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• Setting up and testing laser ablation as a means for cleaning the HOPG substrate
[Ost08].

• Moving ellipsometry components into the cryogenic region inside the UHV chamber
and testing the ’PC ellipsometry’ (section 4.3) [Spi11].

• Redesigning the CKrS to be compatible with CPS specifications (a short overview of
the concept is given in chapter 5).

• Developing and testing the motion control for the CKrS (section 5.4).

• Automation of the ablation system as a first step for achieving laser class 1 (chapter
6).

Figure 3.2.: The CKrS as it is set up in Münster. The main components are the gas system
at the rear end, the cold head which cools down the substrate region, the bellows which allow
for the necessary mobility for adjustments, maintainance and upgrades of the substrate region,
the UHV chamber containing the substrate and radiation shields as well as the detector setup
for the ellipsometry and the optical bench with the ellipsometry setup. Picture [Sch11].

3.2.1. The gas system

The automated gas system is able to release reproducible amounts of gas into the sub-
strate region inside the UHV chamber. It is possible to choose stable Kr gas for reference
measurements or the 83mKr gas for count rate measurements and switch between these
on demand. Stable Kr is used to test the functionality of the gas system [Sch11] and to
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determine the connection between the changes in the polarization of light in ellipsometry
measurements and the film thickness (chapter 4).

Figure 3.3.: The gas system. This is the operating interface of the LabVIEW programm
for the CKrS. Valves can be remotely operated and the pressures and temperatures of the
different components can be monitored.

In measurements with stable Kr, the gas is first guided into the mixing chamber. Here the
pressure for the inlet into the vacuum chamber is set. It usually is around 2 mbar. The
gas flow Q is proportional to the pressure difference ∆p

Q = L · ∆p, (3.4)

where L is the conductance value. Since partial pressure at the substrate is of the order
10−12, the gas flow is almost solely caused by the pressure in the mixing chamber. Via
valve V15 the amount of gas that travels through the capillary to the substrate region can
be regulated by varying the valve opening and the opening time. In case of power failure
V8 closes off the substrate region6. After a time inside the mixing chamber the krypton
will be contaminated with other sorts of gasses because of outgassing from the chamber
walls. Because of the low pressure inside the mixing chamber the percentage of residual
gas can get rather high, that’s why during measurement times the mixing chamber should
be purged by the valve- and pump system below the chamber (figure 3.3) and filled with
fresh gas every couple of days (ideally 3 to 4). A baratron (C3) which is independent of
the type of gas and a full range manometer (D2) monitor the pressure inside the mixing
chamber.

The radioactive 83mKr is produced by a solid 83Rb source inside a container which can
be tapped by opening V7. In a volume with only 83Rb present an equilibrium between
generation and decay of 83mKr is achieved after about 45 minutes [Smo08]. The gas flow is
governed by the amount of 83mKr atoms inside the source and the molecular conductance
of the capillary.

5V1 is a thermomechanical full metal regulating valve.
6Note: In case of power failure V1 will open fully (Closed at 12 V and fully open at 0 V). When power
is returned V8 will open again, yet because of a longer response time V1 will fully close a few seconds
later. This results in an uncontrolled gas inlet.
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Figure 3.4.: The production of 83mKr in the source volume with initially no 83mKr atoms
reaches saturation level after about 45 minutes. In this example the 83Rb has an activity of
ARb = 455 kBq. Figure [Smo08].

3.2.2. The cryogenic section

The cryosystem is based on a two-stage cooling unit (Sumitomo Heavy Industries Ltd.,
model: RDK 408D) with a cold finger attached. The HOPG substrate is mounted to the
end face of the cold finger at a distance of about 1300 mm from the central axis of the cold
head.

The first stage provides cooling power of 34 W at 40 K and is thermally connected to
the outer radiation shield which protects the substrate from heat radiation from the UHV
chamber walls. The cold finger with the substrate and the inner cold shield are connected
to the second stage which can reach 4 K with a cooling power of 1 W. The inner radiation
shield serves as a cold trap for residual gas and improves the vacuum in the substrate region.
This and slightly heating the substrate to 25 — 30 K helps to reduce the amount of residual
gas condensing onto the substrate. The temperatures of several key parts of the cryo system
are monitored and displayed continually as seen in figure 3.3

Figure 3.5 shows a cross section of the cryo system in the region around the substrate.
The radiation and cold shield have apertures on the sides which provide optical access for
the ellipsometry. The aperture in front of the substrate is the outlet for the conversion
electrons and inlet for the ablation laser beam. These measures for monitoring and cleaning
are necessary to ensure the cleanliness of the substrate and with it the stability of the
calibration line position. The cleanliness can be determined with the polarizer values in
ellipsometry measurements after cleaning the substrate, called start values . A stability of
≈ 1 ppm7 over more than one month was achieved after ablation cleaning and continually

7Variation of the start values is less than 0.3◦.
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Figure 3.5.: The substrate region of the CKrS contains the HOPG substrate which is the
heart of the CKrS. The capillary guides the Kr gas directly to the substrate. Figure adapted
from [Ost08].

condensing 83mKr onto the substrate for about a week [Ost08].

The horizontal setup (figure 3.5) in which the CKrS is currently operated is not applicable
for the KATRIN experiment. A new design has been created and will be put into practice
after current tests and measurements are concluded. The completely redesigned substrate
region amongst other things will be introduced in chapter 5.

3.2.3. The highly ordered pyrolytic graphite substrate

The heart of the CKrS is the Highly Ordered Pyrolytic Graphite (HOPG) substrate,
which is mounted to the cold finger. Graphite has a hexagonal structure is made up of
layers which are held together by weak van de Waals forces. It has a lattice constant of
2.46 Å and the distance between two layers is 3.35 Å. Neighbouring layers are shifted by
half a face diagonal which results in a ABAB... layer system as pictured in figure 3.6. The
axis perpendicular to the graphene plains is called the c-axis.

HOPG is polycrystalline with a grain size of about 3 — 10 mm and mosaic angles (angles
between the c-axis of the crystal grains) of 0.4 ± 0.1◦ at highest quality (SPI-1). It also
has a very smooth surface with steps of a few atomic layers which makes it suitable as a
substrate for homogeneously condensed films.

Graphite is optically anisotropic due to being an uniaxial crystal. Anisitropic media are
described can be characterized by an optical indicatrix:

x2

n2
1

+
y2

n2
2

+
z2

n2
3

= 1 (3.5)
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Figure 3.6.: Structure of the HOPG substrate [Ost08].

In uniaxial crystals n1 = n2 = no is the ordinary and n3 = ne is the extraordinary index
of refraction8. Alternatively the HOPG substrate can be described by the “isotropic equiv-
alent” where no from the anisotropic expression is the index of refraction [Vol89]. This
simplification was successfully used in [Weg10].

8For biaxial crystals n1 6= n2 6= n3.



4. Ellipsometry

Ellipsometry is a method for gaining in-

Figure 4.1.: The common ellipsometry setup in-
cludes a light source (L) which typically is a laser,
a system of optical components to prepare a certain
polarization state (P), a sample (S) which changes
the polarization followed by an analyzer (A) which
can be a linear polarizer and a detector (D) which
measures the intensity of the transmitted light.

formation such as structure, film cover-
ing or film thickness of a sample. The
polarization of light before and after
the interaction with the sample are mea-
sured and a transformation matrix can
be derived in form of a Jones matrix for
non-depolarizing or a Müller matrix for
depolarizing systems. More informa-
tion on the polarization changes inside
the system can be extracted by study-
ing the inner processes of a system with
focus on electromagnetic wave optics.

There are several different types of polarization changing processes which can yield different
information about the sample:

• Scattering occurs when light passes through a medium with a spatially inhomoge-
nous refraction index.

• During transmission the polarization state of light changes continually along its
way inside the sample which is caused by the optical anisotropy of the material. The
transmission ellipsometry (or polarimetry) is mainly used for analyzing the molecular
structure of materials in the field of physical chemistry.

• Reflection or refraction of light at the boundary surface between different media
abruptly changes the polarization state due to different transmission- and reflection
coefficients for s- and p-polarized light (see section 4.1). This “reflection ellipsometry”
is the standard method for gaining information about the optical characteristics of
a sample such as the index of refraction. It is also used for observing the increase
(through adsorption or oxidation) or decrease (through desorption or sputtering) of
the thickness of very thin films.

The CKrS, described in chapter 3, employs the method of reflection ellipsometry to monitor
the changes on the substrate or its cleanliness. The underlying method of the null ellip-
sometry as well as the commonly used PCSA setup will be described in section 4.2.
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4.1. Polarization of light

Light can be described as an electromagnetic plain wave. When light propagates through an
optically isotropic medium the electric field ~E, the magnetic field ~B and the wave vector are
perpendicular to one another with ~E being defined as the polarization of the light. A polar-
ized wave which propagates in z-direction can be described as [Nol02]:1

~E(z,t) = Ex(z,t) ~ex + Ey(z,t) ~ey (4.1)

with

Ex(z,t) = E0x cos(kz − ωt)
Ey(z,t) = E0y cos(kz − ωt+ φ).

(4.2)

Three special cases of polarization can be distinguished depending on the phase shift
φ:

• linear polarization
An electromagnetic wave is lineraly polarized when

φ = ±k ·π, k = 0,1,2,.... (4.3)

The electric field vector ~E oscillates along a straight line in the xy-plane.

If light is reflected at a surface two polarization states are distinguished. If ~E oscil-
lates perpendicularly to the plane of incidence the term s-polarization applies. In a
cartesian coordinate system where ~ex lies in the plane of incidence this means Ex = 0
and

~E(z,t) = Ey ~ey cos(kz − ωt). (4.4)

On the other hand if ~E oscillates in parallel to the plane of incidence (Ey = 0) it is
called p-polarization2.

~E(z,t) = Ex ~ex cos(kz − ωt) (4.5)

• circular polarization
Circular polarization is achieved when the amplitudes of the partial waves are equal
(Ex = Ey = E0) and the phase difference is

φ = ±(k +
1

2
) ·π, k = 0,1,2,.... (4.6)

There are two types of circular polarization:

~E(z,t) = E0(~ex cos(kz − ωt)± ~ey sin(kz − ωt)) (4.7)

“+” means the light is right hand polarized and φ = +π/2

“−” means the light is left hand polarized and φ = −π/2

1The amplitudes Ex(z,t) and Ey(z,t) are usually complex numbers. In the context of these considerations
however it is sufficient to use the real parts.

2The expressions p- and s-polarization stem from the german words “parallel” and “senkrecht” (perpen-
dicular).
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• elliptical polarization
In every other case, the light is elliptically polarized.

When a monochromatic plane wave k1 encounters a boundary surface between two non
magnetic, non dissipative and isotropic media with different refractive indices n1 and n2,
it is partially transmitted k2 and partially reflected k3 (figure 4.2).

Figure 4.2.: Reflection and transmission of light at a boundary surface. The plane
wave (k1) encounters the boundary surface at an angle of incidence θ1 which is equal to the
angle of reflection θ3. The angle of refraction θ2 can be calculated from the incidence angle with
Snell’s law (equation 4.8). The plane in which the incident and the reflected wave propagate
is called the plane of incidence. (Figure adapted from [Sal08].)

The angle of refraction is calculated by appying Snell’s law for refraction:

n1 sinθ1 = n2 sinθ2 (4.8)

The amplitudes of the incident, the refracted and the reflected wave are described by Jones
vectors3.

~E1 =

(
E1x

E1y

)
~E2 =

(
E2x

E2y

)
~E3 =

(
E3x

E3y

)
(4.9)

The reflected and the refracted wave can be brought into relation to the incident wave by
Jones matrices t for transmission properties and r for reflection properties:

~E2 = t ~E1 (4.10)

~E3 = r ~E1 (4.11)

The polarizations in x- and y-direction are independent from each other and both indepen-
dently fulfill the conditions of continuity at the boundary surface in its tangential compo-
nents ~E and ~H as well as the normal components ~D and ~B. Figure 4.2 shows the definition
of the x- and y-direction. The x-component is parallel to the plane of incidence and a wave
with a polarization in x-direction is called p-polarized. A wave polarized in y-direction on

3The scalar components Eix and Eiy (i=1,2,3) specify the part of each wave in equation 4.9 which is
polarized parallel (Eix) and perpendicular (Eiy) to the plane of incidence.
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the other hand is called s-polarized. Due to the independence of those two polarization
states the Jones matrices t and r take on a diagonal form.

t =

[
tx 0
0 ty

]
r =

[
rx 0
0 ry

]
(4.12)

From equation 4.10 and 4.11 then results:

E2x = tx ·E1x E2y = ty ·E1y (4.13)

E3x = rx ·E1x E3y = ry ·E1y. (4.14)

Considering the continuity condition the transmission coefficients tx and ty and reflection
coefficients rx and ry result in:

rp = rx =
n2 cosθ1 − n1 cosθ2

n2 cosθ1 + n1 cosθ2
(4.15)

rs = ry =
n1 cosθ1 − n2 cosθ2

n1 cosθ1 + n2 cosθ2
(4.16)

tp = tx = (1 + rp)
cosθ1

cosθ2
(4.17)

ts = ty = (1 + rs) (4.18)

These equations are known as the Fresnel equations thus the matrix coefficient are called
Fresnel coefficients. As mentioned above, the angle θ2 can be calculated from θ1, n1 and
n2 with equation 4.8:

cosθ2 =

√
1−

(
n1

n2

)2

sin2θ1 (4.19)

Since the term under the square root can be negative the Fresnel coefficients are com-
plex:

rp = |rp| · eiδp (4.20)

rs = |rs| · eiδs (4.21)

The |rp| and |rs| as well as the phase shifts δp and δs show different behavior depending
on the wave’s angle of incidence and the consideration of inner (n1>n2) or outer reflection
(n1<n2).

4.1.1. P-polarized light

Figure 4.3 shows the behaviour of an incident wave at the boundary surface as a function
of the angle of incidence θ1, for the case n1 < n2.

• Below or at the Brewster angle4 θB = arctan(n2
n1
) rp is real and negative with |rp|

dropping from n1−n2
n1+n2

at θ1 = 0◦ to 0 at θ1 = θB and δp = π.

• If θ1 > θB rp is real and positive and |rp| goes from 0 at θB to 1 at 90◦ with δp = 0.
4The Brewster angle only plays a role in the reflection of p-polarized light.
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Figure 4.3.: Outer reflection of p-
polarized light (n1 < n2) [Sal08].

Figure 4.4.: Inner reflection of p-
polarized light (n1 > n2) [Sal08].

For the inner reflection (figure 4.4) there are two critical angles at which |rp| and δp change
their behavior. The first is the Brewster angle, the second is θk above which there is total
reflection and no refracted partial wave can develop. The angle of total reflection applies
to s- as well as p-polarized waves in inner reflection.

• For θ1 ≤ θB rp is real and positive with |rp| dropping from n1−n2
n1+n2

at θ1 = 0◦ to 0 at
θ1 = θB and δp jumping from 0 to π at θB.

• If the incident angle lies between both critical angles (θB < θ1 ≤ θk) rp is real and
negative with |rp| rising from 0 at θB to 1 at θk and δp = π.

• In case of inner total reflection (θ1 > θk) rp is complex and |rp| = 1. δp however

continually drops according to δp = 2 · arctan
[
−1

sin2
θk

√
cos2θk
cos2θ1 − 1

]
[Sal08].

4.1.2. S-polarized light

Figure 4.5.: Outer reflection of s-
polarized light (n1 < n2) [Sal08].

Figure 4.6.: Inner reflection of s-
polarized light (n1 > n2) [Sal08].

With the outer reflection (figure 4.5) rs remains real and negative for all angles of incidence.
|rs| continually rises from n2−n1

n1+n2
at θ1 = 0◦ to 1 at 90◦ and δs = π.
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• In inner reflection, rs is real and positive for θ1 ≤ θk with |rs| rising from n1−n2
n1+n2

at
θ1 = 0◦ to 1 at θk and δs = 0.

• Above θk there is again total reflection and rs is complex. Here |rs| = 1 and

δs = 2 · arctan
[√

cos2θk
cos2θ1 − 1

]
(Information and figures: [Sal08]).

4.2. Measuring film thickness with reflection ellipsometry

The ellipsometry setup at the CKrS in the institute of nuclear physics, WWU Mün-
ster is capable of measuring the coating thickness of krypton and residual gas on the
HOPG substrate as well as its cleanliness after heating and/or ablation. The measured
variable is the polarization of laser light which changes during the reflection at the sub-
strate.

The following considerations concern a 3-layer system as depicted in figure 4.7. The vac-
uum, film and substrate are assumed to be homogeneous and optically isotropic5 and their
complex refraction indices are N0, N1 and N2. The film thickness d influences the phase
difference δ of the reflected partial waves to one another. The change in the polarization
of a light wave which is subject to multiple beam interference is measured as a function of
the film thickness.

Figure 4.7.: Reflection and transmission of a plane wave at a multiple layer system
[Ost08]. The 3-layer system (vacuum - film - substrate) is assumed to have plane and parallel
surface boundaries. The parameters are the film thickness d, the angle of incidence φ0, the
refraction angles φ1 inside the film and φ2 inside the substrate, the phase angle δ and the
complex Fresnel coefficients for reflection and transmission r01, r10, r12, t01 and t10.

An incident plane wave with an amplitude E0 encounters the film (surface boundary 01)
at an angle of incidence φ0. Part of the wave is reflected with a reflection coefficient

5HOPG is an optically anisotropic material. This fact is considered in section 3.2.3.
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r01 and the other part is transmitted with a transmission coefficient6 t01 at an angle
of

φ1 = arcsin
(
N0

N1
· sinφ0

)
. (4.22)

The transmitted partial wave then hits the boundary surface 12 between the film and the
substrate and again part of the wave is reflected, the amplitude now being E0t01r12, and the
other part enters the substrate at the angle φ2 = arcsin(N1/N2 · sinφ1)
= arcsin(N0/N2 · sinφ0) and is absorbed by the substrate.

The partial wave E0t01r12 is again partially reflected at the boundary surface 10. The
transmitted partial waveE0t01r12t10 interferes with the first reflected partial waveE0r01.

The optical retardation (∆s) between the par-

Figure 4.8.: The optical retardation dur-
ing reflection at a thin film [Weg10].

tial wave having traveled through the film and
the partial wave inside the vacuum is consid-
ered in the phase factor e−i2δ. Figure 4.8 shows
how the optical retardation arises.

∆s = 2N1l1 −N0l0 (4.23)

The distance travelled in vacuum is

l0 = 2d tanφ1 sinφ0

= 2d
N1

N0
sinφ1

(4.24)

and the distance travelled inside the film

2l1 =
2d

cosφ1
. (4.25)

Inserting these expressions into equation 4.23 produces:

∆s = 2dN1 cosφ1 = 2d
√
N2

1 −N2
0 sin2φ0. (4.26)

This results in a change of the phase angle δ as a consequence of d

δ =
2π

λ
d
√
N2

1 −N2
0 sin2φ0 (4.27)

which by convention considers only half of the optical retardation in medium N1. This is
corrected by the factor 2 in the phase factor e−i2δ.

The sum of all the partial waves which are reflected back into the vacuum is an infinite
geometric series and constitutes the complex total reflected amplitude R of the incident
light wave amplitude:

R = r01 + t01t10r12e
−i2δ + t01t10r10r

2
12e
−i4δ + t01t10r

2
10r

3
12e
−i6δ + · · · (4.28)

The limit of a geometric series with |q| < 1 is
∞∑
k=0

a0q
k = lim

n→∞

n∑
k=0

a0q
k =

a0

1− q
(4.29)

6The derivations in this section apply to p- and s-polarized alike. Therefore, the Fresnel coefficients are
not labeled p or s.
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Using this, R becomes:

R = r01 +
t01t10r12e

−i2δ

1− r10r12e−i2δ
(4.30)

With the relations [Azz87]

r10 = −r01 (4.31)

t01t10 = 1− r2
01 (4.32)

equation 4.30 can be converted to

R =
r01 + r12e

−i2δ

1 + r10r12e−i2δ
(4.33)

This equation is valid for p- as well as for s-polarized light (j = p,s):

Rj =
r01j + r12je

−i2δ

1 + r10jr12je−i2δ
. (4.34)

The change in amplitude and phase in relation to the incident wave becomes clear when
the complex total reflected amplitudes Rp and Rs are considered as a function of their
absolute value and phase (j = s, p):

Rj = |Rj |eiδRj . (4.35)

Due to different reflection and transmission properties of p- and s-polarized light at a
boundary surface the total reflection coefficients Rp and Rs are different. In an experiment,
the ratio between the two coefficients is determined by observing the polarization state
before and after the reflection:

ρ =
Rp
Rs

=
r01p + r12pe

−i2δ

1 + r10pr12pe−i2δ
·
1 + r10sr12se

−i2δ

r01s + r12se−i2δ
. (4.36)

Using equation 4.35 this ratio can be described as

ρ = tanΨei∆ (4.37)

where
Ψ = arctan

(
|Rp|
|Rs|

)
(4.38)

includes the change in the amplitudes of p- and s-polarized light during reflection and

∆ = δRp − δRs (4.39)

reflects the difference in the respective phase shifts.

4.2.1. Null ellipsometry

Determination of the ratio ρ can be achieved by using a PCSA setup for the null el-
lipsometry (figure 4.9). The light is prepared by the rotating polarizer P and the fixed
compensator C to be linearly polarized after reflection at the substrate-film complex. The
analyzer A is rotated in order to cancel the light intensity which is monitored by the detec-
tor D. If the light still reaches the detector the polarizers P and A are adjusted accordingly.
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Figure 4.9.: The null ellipsometry setup consists of a light source L, two linear polarizers
P and A, a compensator C, a sample S and the detector D. Figure [Ost08].

The setup utilized in the institute of nuclear physics at WWU Münster consists of the
following items:

• The light source is a 543.5 nm He-Ne laser and

• the compensator C is a quarter-wave retarder.

• The adjustment of P and A (in PC ellipsometry P and C (see section 4.3)) is done
by an automated LabVIEW program which was initially developed by A. Wegmann
[Weg10].

• The reference (zero) position for the polarizers P, A and the compensator C is the
positive x-direction in figure 4.9. The position values increase counterclockwise when
looking towards the light source.

The changes in the polarization of light when propagating through the optical setup can be
determined by analyzing the system using Jones vectors for the light and Jones matrices for
the optical components. Assuming the components are optically ideal the Jones matrices
in the respective coordinate systems are:

linear polarizer T teLP = KLP

[
1 0
0 0

]
(4.40)

compensator T fsC = KC

[
1 0
0 ρC

]
(4.41)

sample T xyS =

[
Vex 0
0 Vey

]
(4.42)

The exponents in equations 4.40, 4.41 and 4.42 denote the polarization eigenstates of the
respective component. The linear polarizer has a transmitting and an extinguishing axis
while the compensator has a fast and a slow axis and the sample has an x-axis parallel
to the plane of incidence and a y-axis perpendicular to it. The PCSA system is described
by multiplying the Jones matrices in the order of the optical components in the setup
while after each element a transformation into the coordinate system of the next element
is necessary which is achieved by using the appropriate rotation matrix7. Calculations with

7A detailled example of the calculations of such a system can be found in [Spi11].
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this method yield a detected signal of [Azz87]

JD = const. · |L|2 (4.43)

with

L = Vex cosA [cosC cos(P − C)− ρC sinC sin(P − C)]

+ Vey sinA [sinC cos(P − C) + ρC cosC sin(P − C)].
(4.44)

Thus, the signal depends on the azimuthal angles of P, C and A, ρC of the compen-
sator and the complex eigenvalues Vex and Vey of the optical system. The aim of null
ellipsometry is the correct alignment of P, C and A so that no light at all reaches the
detector:

JD = 0 (4.45)

This is achieved when
L = 0. (4.46)

Using this condition as a solution for equation 4.44 the ratio ρS between the eigenvalues
of the system can be determined:

ρS =
Vex
Vey

= −tanAtanC + ρC tan(P − C)

1− tanC tan(P − C)
(4.47)

The compensator, in this case being a quarter-wave retarder, produces a phase shift of
δC = -π/2 between the fast and the slow axis. This makes ρC :

ρC = TC · eiδC = −i (4.48)

If the compensator is fixed to the angle of ±π/4 between its fast axis and the plane of
incidence equation 4.47 becomes

ρS = ∓tanA e∓2i(P∓π/4) for C = ±π
4

(4.49)

There are two combinations of polarizer and analyzer positions at which no light passes
through to the detector8:

(P, A) and (P ′, A′) = (P − π/2, π −A) (4.50)

Henceforth this type of null ellipsometry will be called PA ellipsometry in reference to P
and A being observables in this kind of measurements. Here the compensator remains
fixed at ± π4 between its fast axis and the plane of incidence.

4.3. The PC ellipsometry

Installation at the KATRIN experiment requires changing the CKrS setup to make it
applicable. This section deals with the conditions at the CPS (see chapter 5) which have
to be considered and the necessary modifications to the ellipsometry setup. The concept for

8Adjusting P and A by n ·π (n ∈ Z) yields of course the same results.
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the new design will be introduced in chapter 5. A preliminary setup has been developed to
simulate the conditions at the CPS. The modifications resulted in a new type of ellipsometry
which was tested to determine its usability and to compare with the results from the PA
ellipsometry published in [Weg10]. Also the underlying theory to the PA ellipsometry was
extended to make the new data comparable to PA data.

An important feature of the PA ellipsometry setup and also cause for the setup changes
are the vacuum windows at the UHV chamber which houses the substrate. The rotating
polarizer and analyzer are mounted outside the vacuum chamber and operated at room
temperature. The analyzer and detector are positioned as close as possible to the substrate
to avoid loss of information from the diverging reflected beam. This divergence is caused
by the slightly uneven substrate. However, the conditions at the CPS do not allow for this
kind of setup because:

• There are no vacuum windows near the substrate for the reflected beam to leave the
vacuum chamber. The only window available would be the one through which the
ellipsometry laser beam is coupled into the CPS and that is at a distance of ≈ 2 m
to the substrate. This would lead to a great loss of information since much of the
reflected beam would not leave through such a distant window.

• There is little space inside the CPS for a rotary table for the analyzer. Technically,
installing a rotator which could work inside the relatively strong magnetic field would
be possible, however any viable solution would produce disproportional expenses.

4.3.1. The preliminary PC ellipsometry setup

The preliminary setup with the modified ellipsometry circumvents these restrictions (figure
4.10). The light source (a) consists of the He-Ne laser, a neutral density filter (F) which
allows regulating the intensity and a linear polarizer (P) and quarter wave retarder (λ/4)
to achieve a highly circularly polarized light. The circular polarization of the light ensures
an unchanging intensity behind the following polarizer (b) independent of its orientation.
This polarizer is mounted to a rotary table (company: PI, model: M-060.DG) with a
minimal accuracy of 200 µrad (=̂ 0.0115◦) when moving to a certain position [PI]. If all
movement is unidirectional the repeatability of a position lies at 50 µrad (=̂ 0.0029◦). The
compensator (c) is a quarter wave retarder which is also mounted to a rotary table. Behind
the compensator the light is polarized elliptically (or in special cases linearly or circularly)
depending on the angle between the orientation of its optical axes and polarization state
after the linear polarizer.

Through a vacuum window with an antireflective coating (d), the light enters the UHV
chamber where it is reflected at the substrate-film-system (e). At a certain combination of
polarizer angle (P ), compensator angle (C) and a film of given physical (film thickness and
composition) and optical (index of refraction) properties the light after reflection at the
substrate is polarized linearly and can be compensated by the fixed analyzer (f). The detec-
tor (g) is a Si-PIN diode (Hamamatsu type S-3590-19) and monitors the intensity behind
the analyzer. A remotely controlled current amplifier (Femto DLPCA-200) amplifies the
signals of a few pA which are then digitalized by a 12 bit ADC (h).
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Figure 4.10.: Ellipsometry setup with analyzer and detector inside the UHV cham-
ber containing the usual ellipsometry components such as the light source (a) which provides
circularly polarized light with adjustable intensity, the polarizer (b), the compensator (c), the
sample (e), the analyzer (f) and the detector (g). Additionally, there is one vacuum window
(d) to couple the laser beam into the vaccum chamber and an electric feedthrough (h) for the
detector cable. For clarity, the inner cold shield which surrounds the substrate and is kept at
≈ 12 K is not displayed. Figure combined from originals in [Bau12] and [Weg10].

The rotary tables are computer controlled and in the course of a measurement the P and
C positions for cancelling the light are searched for and assumed. From the resulting data
set which includes the positions P and C and the light’s intensity, the position of the
minimum can be calculated.

The novelty of this setup is that the analyzer is fixed at +30◦ with respect to the plane
of incidence while the compensator is mounted on a rotary table. This makes P and C
the observables of such a measurement and the name PC ellipsometry was chosen to
distinguish this method from the PA ellipsometry.

4.3.2. Analysis of PC ellipsometry data

Since the raw data from the PC ellipsometry measurements are not directly comparable to
the PA data, the PC data have to be converted. Starting point for the following consider-
ations is equation 4.47 which has to be valid for any kind of null ellipsometry in a PCSA
setup. Using the Euler formula ρS can also be characterized by

α · eiβ = ρS = −tanAtanC + ρC tan(P − C)

1− tanC tan(P − C)
. (4.51)

Now coordinates P̃ and Ã are defined in such a way that the left part of equation 4.51
becomes

ρS = tanÃ · e2i(P̃+π/4) (4.52)
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Figure 4.11.: The substrate and detector. The left picture shows the substrate on which
the films are prepared and the nozzle at the end of the capillary through which the krypton
gas is guided. There are cables for the temperature probe and the resistive heater. The inner
radiation shield (12 K) which is connected to the second stage of the cryocooler is displayed in
the middle. In the right picture, the outer cold shield (90 K) which holds the detector (white
housing) and a temperature probe is shown. The analyzer is located beneath the detector.

which resembles equation 4.49 for C = -π/4. This makes

P̃ =
β

2
− π

4
=

arg(ρS)

2
− π

4
(4.53)

and
Ã = arctan α = arctan |ρS |. (4.54)

If at a certain film thickness the values P and C are measured, these can be converted to P̃
and Ã values which would be obtained in PA ellipsometry at the same film thickness. This
allows for easy comparison between the PA and PC data. In practice this means that the
same analysis tools can be used and the PC data sets only have to be fed into a conversion
program9 and the corresponding P̃Ã data sets are produced.

First test results of the new setup can be found in [Spi11]. Figures 4.12 and 4.13 are an ex-
ample for the conversion of PC-data into P̃Ã data from current measurements [Bau12].

A fit program for the PA data, called elli.cpp, was developed by A. Wegmann and T.
Schäfer in 2010. The program varies up to five fit parameters for the isotropic equivalent.
These are the angle of incidence and the refractive indices and absorption coefficients of
the film and the substrate. The effects of varying each parameter are described in [Weg10].
Optionally the parameters for an anisotropic material can be added to the calculations.
However, the time for the fit increases by at least one order of magnitude and the re-
sults do not differ significantly from those obtained without the anisotropic parameters.

9The conversion tool umrechnung.cpp was developed by D. Spitzer, and its function is described in [Spi11].
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Figure 4.12.:Raw PC data from the measurement of an incremental krypton film preparation
[Bau12].

Figure 4.13.: The converted P̃Ã data in values relative to P̃0 and Ã0 of a clean substrate.
The blue line is a fit to the data points [Bau12].
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The goal of the developement of the CKrS is its application at the KATRIN experiment
inside theCryogenic Pumping Section (CPS) which was introduced in section 2.3.2. Figure
5.1 shows the place of installation for the CKrS which is in the forward section of the CPS
directly behind the cold gate valve (V3).

Figure 5.1.:A longitudinal section through the CPS. The CKrS is intended to be installed
at the pump port no. 2 (P2) and will enter the CPS from above. The cold gate valve (V3)
separates the tritium pumping section from the forward parts of the experiment. It is opened
only during data taking. The origin of the coordinate system lies at the left end of the CPS
in the center of the beam line. Figure adapted from [Gil10].

This chapter discusses of the specifics of the new design of the CKrS and its installation
at the KATRIN experiment.

5.1. The substrate region

The CKrS, in its current form (see chapter 3) is unsuitable for direct installation at the
KATRIN experiment. One reason for a new setup is the direction from which the CKrS
enters the CPS and the direction in which the electrons are to be emitted. The substrate
has to be relocated to the side of the cold finger which faces the detector and the radiation

47
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Figure 5.2: The redesigned substrate re-
gion basically consists of the same compo-
nents as the preliminary setup with only one
difference. The ellipsometry laser beam (a)
has to be redirected by a mirror (b) before it
is reflected at the substrate (c). After reflec-
tion it passes the analyzer (d) and its intesity
is measured by the detector (e). The cold
shield (f) and the radiation shield (g) pro-
tect the substrate from residual gas and heat
radiation. Like in the preliminary setup, the
analyzer and detector are mounted to the
radiation shield. The cold finger (h) which
is connected to the second stage of the cry-
ocooler is cut longitudinally at its end to pro-
vide a plane for the substrate to be mounted
on. Since the substrate has to be heated to
prevent hydrogen from condensing onto it,
the end part is thermally insulated from the
rest of the cold finger by a piece of stainless
steel (grey area). Design [Bau13].

shield and cold shield have to be adapted to fit this new orientation. Figure 5.2 shows the
first draft of the redesigned substrate region.

The incident laser beam is guided towards the substrate between the cold finger and the
surrounding copper tube which is connected to the first stage of the cryocooler. A dielec-
tric mirror directs the light towards the 20×20 mm2 HOPG-substrate. Such mirrors can
be manufactured to reflect light of a certain wavelength and angle of incidence without
changing its polarization. The cold shield which is connencted to the cold finger (second
cooling stage) posesses apertures to allow the laser beam passage to the substrate and
the detector. Both, the radiation shield and the cold shield have apertures in front of the
substrate to let the conversion electrons leave the CKrS towards the spectrometer section.
The length of the shields is approximately 10 cmṪhis is a compromise between the wish
for good shielding (long shields) and the room available inside the CPS. The quality of the
shielding relates to the maximum angle at which a residual gas molecule can enter the cold
shield and still hit the substrate.

Figure 5.2 does not contain the capillary which is intended to run between the cold finger
and the outer copper tube at the back side of the substrate. Plans are to split the capillary
at the cold shield and have a nozzle at each side of the substrate so that the laser beam is
not blocked. Also, an electron detector has been developed and is currently being reworked
to monitor the electron flow from the WGTS. It will be positioned at the radiation shield
of CKrS directly behind the substrate [Res11]. To reduce the signal noise, the preamlifier
has to be close to the detector and in will most likely be mounted to the radiation shield
as well.
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5.2. Concept of the CKrS at the CPS

As indicated in figure 5.1 the CKrS enters the

Figure 5.3.: The CKrS at the CPS in op-
erating position. The details are found in
the text beside the figure. Design [Bau13].

CPS from above and operates in the area of
the T2-β-flux tube. Figure 5.3 shows the CKrS
in operating position. The three main sections
are colored grey, red and blue. The cryo- and
pumping section (grey) contains the cold head
(a) and a turbo molecular pump (b). These
are decoupled by bellows (c) from the rest of
the setup to avoid vibration during operation
therein. Here also the vacuum window (d) is
provided for the ellipsometry laser beam to en-
ter into the vacuum region.

The cryo- and pumping section is electrically in-
sulated from the ablation section (red) by a ce-
ramic insulator (e). This separation is required
when a voltage is applied to the CKrS in order
to accelerate the conversion electrons from the
83mKr to pass the potential barriers inside the
spectrometers. The bellows (f) allows the CKrS
to be moved from the operating position inside
the CPS to the ablation chamber (g) which sits
on top of a CF250 all-metal gate valve (h, com-
pany: VAT, type: 48148-CE44). The bellows
(company: COMVAT, custom made) can be
elongated by as much as 120 cm from its short-
est extension.

For cleaning purposes or during tritium and ar-
gon removal, the CKrS is moved back into the
ablation chamber. At those occasions the gate
valve will be closed. This way the CPS is not
contaminated during ablation and during argon
regeneration no tritium can reach the CKrS. The ablation chamber also holds a getter pump
(SAES MK5) with a pumping speed of 240 L(H2)/s (figure 5.4).

Figure 5.4.: Front view of the ablation chamber. Design [Bau13]
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Beneath the gate valve (blue area) is the CPS (i) and the flux tube which is contained in
the pipe to the left (j).

5.3. Moving the CKrS inside the CPS

During operation the CKrS will have to be moved to various positions inside the CPS.
Since at pump port no. 2 no guiding magnets are present, the magnetic containment
around the beam line drops there and the flux tube widens significantly (figure 5.5).

Figure 5.5.: The flux tube at the location of the CKrS has a diameter of ≈ 15 cm at its
widest for 191 T · cm2 if all magnets of KATRIN are activated. The substrate of the CKrS
will be moved in the x/y-plane at z = 5455 mm while the center of pump port 2 will be at
z = 5505 mm when the CPS is in cold state. Figure [Gil11].

In order to scan the whole flux tube and thereby illuminate each detector pixel separately,
the substrate has to be moved in a radius of about 7 cm around the center of the flux tube
in the x/y-plane. For this reason, the CKrS will be mounted on a system of scaffolds and
frames. This for one thing facilitates the necessary mobility and also allows separation of
the vibrating parts from the rest of the setup. Figure 5.6 shows the first version of such a
framework.
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Figure 5.6.: Moving the CKrS is done in a framework (a). The TMP and cold head are
fixed to the yellow frame which is guided by the brown outer frame in y-movement (up/down).
This is pivot mounted to the magenta scaffold which stands on a platform above the CPS.
The rest of the CKrS is mounted to the cyan frame and is guided by the green outer frame
in y-movement. This for its part is pivot-mounted to the blue scaffold which stands on the
ground floor. In this position the CKrS would be fully retracted from the CPS. In picture
(a) the CKrS is depicted without the surrounding vacuum components. Picture (b) shows a
frontal view of the new CKrS design. The pivot point lies inside the bellows. Designs (a)
[Ort11], (b) [Bau13].

As noted above, certain parts of the setup are separated by bellows to avoid vibrations.
These components also have to be mounted on separate frames. One frame holds the
vacuum pump and the cold head while the other holds the vacuum chamber to which
those vibrating components are connected via bellows. Each frame is guided by a different
outer frame which are each mounted to different scaffolds. Both outer frames have the same
pivot axis. In this configuration the CKrS can be tilted by up to ±3.6◦ which makes the
scanning in x-direction (or, more precisely, in ϕ-direction) possible.

5.4. Motion control

The mobility of the CKrS will be provided by a system of servo motors, drive modules,
lifting gear and a computer program which was programmed in LabVIEW. A test setup has
been built to facilitate two-dimensional movement. Several functions were implemented
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such as automated positioning along with position read-out, use of limit switches and
setting a reference position for absolute position measurement.

Please note that the full extent of all the details to this topic cannot be covered in this work.
For more information on special technical problems, the reader is kindly referred to the
appropriate manuals and data sheets which are cited in the text. Appendix A comprises
some details of the test setup and the LabVIEW program.

5.4.1. The test setup

Figure 5.7.: The test setup for the motorization of the CKrS. The motors (a) and
controllers (b) are supplied by the power supplies (c). The PXI computer (d) serves as a
real time processor between the software and the drive modules. The signals from the optical
positioning sensors (e) are also processed by the PXI computer.

The test setup (figure 5.7) consists of an aluminum skeleton made from Kanya extrusion
in which the motors, lifting gears, limit switches and linear guiding for the moving parts
are fixed. Basically the user provides commands such as “move to position x” or “define
the zero for absolute position determination” which are put in via a standard PC which
runs LabVIEW. The commands are processed on a real-time PXI computer which relays
them to the drive modules. These modules are adressed via a CanOpen interface (some
details will be discussed in section A.2) and supplies the motor with the necessary power
for the movement. The position, velocity and acceleration are determined in terms of
increments by the motor’s internal encoder. A certain number of increments constitute a
motor revolution which in turn constitutes a certain feed from the shaft of the lifting gear
(figure 5.8). A slide is fixed to the end of the shaft and can be moved back and forth on
the linear guiding (figure 5.9). Its movement, however, is restricted by limit switches on
either side.
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Figure 5.8.: Motor and gear are connected
by a coupler. Depending on the rotating di-
rection of the motor, the shaft is either ex-
tended or retracted.

Figure 5.9.: The slide moves between the
limit switches along the linear guiding and
holds the sensor for absolute position deter-
mination.

A sensor which is attached to the slide moves over an optical scale and measures the
current position (figure 5.10). The reference (zero) position can be defined by using a

Figure 5.10.: The position sensor (a) reads its current position from the gold-plated steel
scale (b) below. If it moves too far to the right or the left, the slide hits a limit switch (c) and
the movement is discontinued.

certain function of the controller which allows movement until the limit switch break point
is hit and the switching circuit is opened. Any offset before this break point can be chosen
as the reference point. The LabVIEW program which will be covered in section 5.4.2 sets
both encoders to zero at the reference point. If during normal operation a position beyond
one of the break points is targeted, power to the motor will be cut by the drive module as
soon as the limit switch circuit is opened.
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The motors and gears

The motors in this setup (company: Isel, type: EC 60S without breaks) are brushless
3-phase servo motors and have a rated torque of 0.5 Nm 1 [Ise10]. Each motor drives a
lifting gear (company: ZIMM, type: Z-5-SL), to which they are connected by a coupler.
This type of motor comes with an integrated encoder which allows positioning and position
read-out. The left cable in figure 5.8 connects the motor to the power supply, the right
cable carries the encoder signals. Each is connected to a different connector at the drive
module.

The default encoder resolution is 4000 increments (inc) per motor revolution. The gear
translation ratio is 16:1 which means 16 motor revolutions make for one revolution of the
gear shaft which in turn constitutes a feed of 4 mm [Noz07]. This results in an overall
resolution of 16000 inc/mm or 16 inc/µm.

The drive module

Two of Isel’s IMD 20 drive modules (figure 5.11) are implemented in this setup. They
are the central component of the motion control. Every other component is either di-
rectly or indirectly connected to them, except for the absolute position read-out system.

Figure 5.11.: The IMD 20 controls the power supply (50 V) for the motor (X1), provides
power for the encoder (5V) and handles its signals as well as limit switch read-out (X2). The
X3 connector supplies the 24 V for the logic and X4 handles the control commands from the
computer. The connector X5 allows synchronous control of several motors which, however,
was not tested in the course of this work.

This drive module provides various modes of operation which have to be activated depend-
ing on the intended function. Normal operation in this setup requires the “profile position
mode” which in turn requires a target position, velocity and acceleration to be entered
before starting the motion. There is also a “homing mode” which allows the definition of a

1Should this not be sufficient for the new CKrS setup, they could easily be substituted for EC 60L motors
with a rated torque of 0.75 Nm.
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reference position using a limit switch. If a limit switch is hit during normal operation and
power to the motor is cut, the mode “moving the axis away from the limit switch” has to
be activated. Only now a remotely controlled movement is possible. After the limit switch
is closed again the “profile position mode” can be resumed [Ise08]. Some technical details
on the IMD 20 drive module are provided in appendix A.1.

The PXI system

Figure 5.12.: The PXI-sytem consists of a chassis that holds several modules. The real-time
controller module (slot 1), the CAN controller module (slot 4) and the timing- and digital-I/O
module (slot 5) are required for the test setup.

PXI is a PC-based platform for measurement and automation systems which combines PCI
bus features with the modular, Eurocard packaging of CompactPCI. Figure 5.12 shows the
configuration of the PXI system in this setup.

Embedded into the chassis (PXI-1036DC) is a real-time (RT) controller (PXI-8146RT,
slot 1) which is the computer in this system. It is connected to any other module in the
chassis and recieves their data or supplies the commands. A PC which runs LabVIEW
serves as user interface and is connected to the RT-controller by an ethernet crossover
cable. The LabVIEW program itself is loaded to and run on the controller during opera-
tion.

The CAN controller module (PXI-8464/2 series 2, slot 4) has two ports to each of which
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an IMD 20 drive module is connected. Both ports are adressed separately with different
sets of commands to allow independent control of both motors.

Slot 5 of the PXI chassis houses a counter/timer with digital I/O module (PXI-6602). This
module recieves a signal from the position sensor each time it passes an increment on the
position scale. The signals from the counter along with the resolution of the sensor allow
calculation of the current position.

The absolute position read-out

The absolute position read-out is an optical, linear distance measurement system in which
all positioning issues of the CKrS and associated security measures are managed. The
main components are the position sensor (company: Renishaw, type: RGH41T15D05A),
the gold plated steel scale (company: Renishaw, type: RGS40-S), the limit switches and
the signal processing elements (PXI-system, IMD 20 drive).

Figure 5.13.: The position sensor moves over the optical scale and produces two signals
when passing an increment of the scale. Two signals A and B are produced. These are shifted
by 90◦. (Right figure adapted from original in [Ren08].)

The sensor (figure 5.13) produces two rectangular signals A and B with a signal period of
40 µm which is also the pitch of the optical scale. These signals are shifted by 90◦. Since
the edges of signal A have a distance of 1/4 of a signal period to the closest edges of signal
B, the sensor resolution is 10 µm. These signals are fed to the counter module of the PXI
system via a connector block (NI SCB-68, figure 5.14).

There are a few restrictions to the mounting of the sensor above the scale, since the
measurement happens without contact. For example, the bottom side of the sensor head
and the surface of the scale must be mounted in parallel with a maximum tilt of 1◦ in or
across moving direction and the distance between them must be between 0.7 and 0.9 mm.
Also, the edges of the scale and the long edges of the sensor head have to be parallel with
a maximum contortion of 1◦. The correct installation can be monitored by the LED at the
side of the sensor. A green light means the sensor is mounted correctly. The light has to
be green or at least orange along the entire traversing range. A red light indicates a faulty
installation [Ren08].
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Figure 5.14.: The connector block connects the signal cables from the position sensors (grey
cables) with the counter module by a cable at its back.

For absolute position measurement a reference point is required. This is provided by one of
the limit switches in the setup. Here the limit switches are simple contact switches which
are closed during positioning operation and open when hit by the slide. To aquire the
reference position, the IMD 20 drive has to be set to “homing mode” and an offset from
the switch point has to be chosen as the zero. In this setup the reference position is set to
100 µm before the switch point.

The limit switches will be the hardware security measure at the CPS since this is a con-
fined space. The area of movement will be strictly defined and limited to prevent improper
use and damage. The bottom of the CPS will serve as reference point for CKrS position-
ing.

Using only the motor encoder for positioning would pose a risk, since it only counts motor
revolutions. In case of a faulty coupling or other unforseen malfunctions the positioning
would be off and remain unnoticed.

Absolute positioning works by comparing the position value from a motor encoder with
the value from the respective sensor. First the target position is assumed according to the
motor encoder values. Then the difference to the motion sensor value is calculated and the
position is adjusted accordingly. There is a backlash of ≈ 20—30 µm between these values
which is unavoidable but also negligible.
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5.4.2. The LabVIEW VI

Figure 5.15.: The user interface for the motion control is written in LabVIEW and runs
on a Windows PC.

The LabVIEWVI (Virtual Instrument), Motorsteuerung_v2.vi, is able to test all necessary
functions of the future CKrS motor control. It allows a complete remote control of the
motors and execution of several error correcting functions via a fairly straightforward user
interface (figure 5.15).

When the VI is activated, after loading to the PXI system, the user is prompted by a
pop-up window to select the type of motor to be initialized from a drop-down menu (left
side of figure 5.16). There are two types to be chosen from, although currently only the EC
60S are installed in the setup. Initialization means that several parameters have to be set,
for the motor to function properly. This for example includes the rated current of 6900 mA
for the EC 60S or 10500 mA for the EC 60L which has to be provided by the IMD 20 drive.
Also the conversion factor between encoder increments and user units, in this case µm, is
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Figure 5.16.: Pop-up windows inform the user of the current step. Left: The user chooses
a type of motor to be initialized. Right: The user has to stand by during homing mode.

set here. It is put in as numerator (16) and divisor (1) for both motors2. This is also the
value of the 16 inc/µm ratio which was calculated in section 5.4.1.

After successful initialization, the drive module is set to “homing mode” and both slides
are moved to their respective negative limit switch and then 100 µm away from the switch
point. This is called homing offset and is preset to 100 user units (µm). Any other offset
may be chosen at will. At the beginning of the homing procedure a pop-up window appears
which informs the user of the ongoing activity (right side of figure 5.16). During this time
no other function is possible. After the zero position is assumed the drive is set to “profile
position mode” and the pop-up window vanishes.

Now normal operation can commence. The VI is designed to execute the basic function
of targetting a desired position (µm) and assuming it at the desired speed (µm/s) and
acceleration (µm/s2). These three parameters can be put into the green boxes in the user
interface. The upper cluster of boxes belongs to motor 1 (left motor in the setup) and the
lower cluster to motor 2. The input is acknowledged by pressing the button “Fahren” and
the motion begins. The blue boxes contain the current position, velocity and acceleration
values for the motors. These position values are calculated from the number of increments
the respective motor encoder counts. The absolute position values are displayed in the
grey boxes.

There are three additional buttons which help to solve a number of problems that may arise
during the operation. If a position beyond the break point of a limit switch was targeted
and power to the motor is cut, the button “Freifahrt” sets the drive module to “moving
out of the limit switch” mode, and automatically returns to a position before the break
point. The button “Motor Stopp” cuts power to the motor. This function was used during
testing to prevent noise developement when a target position lies between two increments
and the motor continually jumps between the two. Without power, the motor produces no
mechanical resistance and may be manipulated by outside forces. The effects of having a
great weight pull at the associated axis should be examined prior to installation at the CPS.
The third button “Reset Node” resets the drive and may be used when a fault is detected .
However, resetting the drive restores it to default parameter values and re-initialization and
a homing procedure is required before operation is resumed. Therefore the VI is stopped
automatically after the reset and needs to be restarted.

2This value is the same because both motors use the same encoder resolution by default. The resolution
may be changed should the need arise.
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Many of these directly accessible functions and also the ones that run in the background
are organized in SubVIs and accessed by the main VI as needed. This way the program
becomes more clearly arranged. Details on programming using the CANopen protocol are
available in appendix A.2.



6. Characterization of the laser ablation

An absolutely important criterium for the success of calibrating the retarding potential of
the main spectrometer via the CKrS is the cleanliness of the HOPG substrate. Condensed
residual gas on the substrate means a change in the work function for the 83mKr conversion
electrons and with it a shift in the energy line position [Ost08]. The CKrS employs two
means for cleaning the substrate: a resistive heater that heats the complete substrate from
the back side and an ablation laser which heats the surface of the substrate where the gas
is condensed on. With the ablation laser it is possible to achieve high temperatures on the
substrate surface.

This chapter deals with the application of laser ablation by scanning the complete sub-
strate. For this purpose, the LabVIEW program which was developed in [Mur11] was
enhanced to allow automated scanning. Several characteristics of the ablation laser, includ-
ing the beam profile, different types of power adjustment and the effects of high-intensity
ablation on the HOPG substrate, have been examined. A quadrupole mass spectrom-
eter was used to determine the gas composition inside the vacuum chamber during the
ablation.

6.1. The setup for ablation

Figure 6.1.: The laser ablation setup consists of a pulsed Nd:YAG laser (a), a second
harmonics generator module (b), a Glan laser polarizer for power adjustment (c) and movable
mirrors to guide the laser beam (d).

The laser ablation setup (figure 6.1) consists of four main components:
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6.1.1. The ablation laser

The ablation laser (company: Quantel,

Figure 6.2.:The ablation laser consists of an opti-
cal head (a), a second harmonics generator module
(b) and a power supply and cooling group cabinet
(not shown) to which the optical head is connected
by an umbilical.

type: Brilliant) is a Q-switched (pulsed)
Nd:YAG (Neodymium-doped Yttrium
AluminiumGarnet) solid state laser with
an output energy of 360 mJ/pulse at an
output wavelength of 1064 nm, a pulse
rate of 10 Hz and a pulse length of ≈ 5 ns.
[Qua08]. The active medium is excited
by optical pumping through a flash lamp
which produces heat that needs to be dis-
sipated. Therefore, the optical head (fig-
ure 6.2) is connected to a water cool-
ing unit by an umbilical.

Figure 6.3.: The remote control box (left) allows manual control of the laser. It is connected
to the “remote” connector on the power supply and cooling group cabinet (right). The “RS-232”
connector allows computer control.

There are two ways to control the laser:

1. A remote control box (left picture in figure 6.3) allows manual input for any parameter
or mode and length of the laser operation.

2. The RS-232 interface on the power supply and cooling group cabinet (right picture
in figure 6.3) allows computer control of the laser via a LabVIEW program.
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Q-switching

The laser is Q-switched which means the quality factor Q of the laser cavity is modulated.
A high Q factor corresponds to low resonator losses and vice versa. During pulse-pumping
by the flash lamp, the Q-switch is set to prevent the light from travelling back and forth
in the cavity so laser operation cannot occur when the population inversion reaches the
threshold population. When the Q factor is set to a high value, the laser will exhibit a
gain that is far greater than the losses and the stored energy will be released in form of a
short and intense light pulse.

If the pump pulse is applied to the active

Figure 6.4.: Energy levels for the Nd:YAG
laser. The transitions 2 → 3 and 4 → 1 are
radiationless. The transition 3 → 4 produces the
characteristical 1064 nm and other wavelengths.
Figure [Den10].

medium starting at time t = 0, the popula-
tion inversion for a 4-level laser (figure 6.4)
is [Sve10]

N(t) = N∞[1− exp(−t/τ)] (6.1)

where the maximal population inversion is
given by

N∞ = Rpτ. (6.2)

Here Rp is the pump rate which is assumed
to be constant during the length of pump-
ing pulse and τ is the lifetime of the excited
state that produces the laser light when de-
caying. For a Nd:YAG laser τ is 230 µs
[Sve10]. Figure 6.5(a) shows the time be-
havior of N(t) during pumping at a low Q
factor. The pump pulse duration should
not be considerably longer than τ because
much of the pump power after this point would be wasted through spontaneous decay
instead of increasing the inversion energy significantly. The internal fire order of the flash

Figure 6.5.: Sequence of events in a Q-switched laser: (a) Idealized time behavior of the
pump rate Rp and of the population inversion N(t) before Q-switching. (b) Time behavior of
population inversion N(t) and photon number φ(t) after Q-switching. Figure adapted from
[Sve10].
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lamp in the Brilliant laser has a duration of 50 µs [Qua10].

Figure 6.5(b) shows the behavior of N(t) and the number of photons in the cavity φ(t) after
the Q-factor has been increased. The stimulated emission of photons becomes dominant
and reduces the population inversion very quickly. The rising of φ(t) corresponds to the
decrease of N(t). At the point where more photons leave the cavity than are created, φ(t)
starts to drop until it reaches zero. The amount of population inversion left after laser oper-
ation, depends on the dynamics of the Q-switching process [Sve10].

The ablation laser is Q-switched by an active electro-optical shutter. Active in this context
means that a voltage is applied to the shutter which determines its transparency for the
laser light. The shutter comprises a Pockels cell which consists of a nonlinear crystal
with refractive indices depending on the applied DC voltage. The induced birefringence is
proportional to this voltage. This is called the Pockels effect. The phase difference between
an electromagnetic wave polarized perpendicular (ordinary axis) and one polarized parallel
to the optical axis (extraordinary axis) of the crystal is [Sve10]

∆ϕ = k∆nL (6.3)

where the wave number k = 2π/λ, the value of the induced birefringence ∆n = no - ne,
and L is the crystal length.

Figure 6.6.: Schematic layout of the ablation laser. The components of the Q-switch are
the polarizer, the quarter wave (λ/4) plate and the Pockels cell. Figure adapted from [Qua10].

Figure 6.6 shows a schematic layout of the Nd:YAG laser. The transmission axis of the
polarizer is parallel to the polarization of the laser light emitted from the active medium.
The optical axis of the λ/4 plate lies at an angle of 45◦ to this polarization. This means
that ∆ϕλ/4 = π/2 between the ordinary and the extraordinary ray. After passing the λ/4
plate, the light is therefore polarized circularly. If no voltage is applied to the Pockels cell,
∆ϕPockels = 0 and the circular polarization remains intact when the light passes through.
After reflection at the cavity rear mirror the polarization of the light is again changed by
the λ/4 plate and again ∆ϕλ/4 = π/2. The light is now linearly polarized but because of the
total phase change, ∆ϕtotal = π, the resulting polarization is perpendicular to the transmit-
ting axis of the polarizer and thus the light is blocked (see figure 6.7).

If now the correct voltage is applied, the Pockels cell creates another λ/4 plate, so that
∆ϕPockels = π/2. This results in ∆ϕtotal = 2π and the polarization of the light is again
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Figure 6.7.: The polarization state before (a) and after (b) passing the λ/4 plate
twice. The phase difference between Eo and Ee is π while the polarization state has been
rotated by π/2. The orientation of E in (a) is the same as the polarizer transmission axis.

parallel to the polarizer transmission axis. Now the Q factor is high and laser operation is
possible.

There is a delay between flash lamp firing and Q-switching, because of the lamp’s response
time (175 µs until the electrical pulse is at its maximum after flash lamp firing starts) and
the time the Neodymium requires to reach maximum fluorescence (285 µs after flash lamp
firing starts) [Qua08]. Section 6.2.1 will show that the adjustment of the delay allows an
approximate laser power adjustment.

6.1.2. The second harmonic generator

The optical head is equipped with a second harmonic generator (SHG) module which
doubles the output wavelength to 532 nm and reduces the output energy to 180 mJ/pulse
at the same time.

Second harmonic generation happens when coherent light of sufficient intensity travels
through a nonlinear medium. The passing electromagnetic wave causes the electrons in
the material to oscillate and emit electromagnetic waves themselves. At small field strength
the oscillation is small and Hooks law applies. The polarization in the x-direction1 in this
case is [Dem06]

Px = ε0χ
(1)E0x cos ωt (6.4)

where χ(1) is the the electromagnetic susceptibility of first order. At rising light intensity
the electrons are further moved from their nucleii and start being influenced by the nuclear
charges of neighbouring atoms. When calculating the polarization, these effects of second
order have to be considered [Dem06].

Px = ε0 (χ(1)E0x cos ωt+ χ(2)E2
0x cos

2 ωt) (6.5)

As it holds cos2x = 1/2(1 + cos2x) this results in

Px = ε0 (1/2χ(2)E2
0x + χ(1)E0x cos ωt+ χ(2)E2

0x cos 2ωt). (6.6)

1For Py and Pz analogous equations apply.
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The polarization Px comprises a constant term, one term which is a function of ω and an-
other one describing the part of the electromagnetic field oscillating with 2ω. Equation 6.6
explains that each atom or molecule of the medium which is hit by the incident wave ω emits
a scatter wave ω (Rayleigh scattering) and a harmonic wave at 2ω.

In isotropic media the phase velocities of the incident wave and the harmonic wave are gen-
erally different, vPh(2ω) = c/n(2ω) 6= c/n(ω) = vPh(ω). After a distance of

∆z =
λ/2

n(2ω)− n(ω)
(6.7)

travelled inside the medium after generation,

Figure 6.8.: On phase matching of the in-
cident wave ω and the harmonic wave 2ω in
birefringent crystals. Figure [Dem06].

the harmonic wave would be phase-shifted by
π compared to the incident wave and would
prevent the 2ω oscillation of the dipoles. No
“macroscopic” wave can form from the singular
2ω waves and conversion to the harmonic wave
is nearly zero.

The solution to this problem lies in the bire-
fringence of anisotropic materials. When the
incident wave is polarized at a certain angle θp
(phase matching angle) to the optical axis of
an optically negative (∆n = ne − no < 0) uni-
axial crystal, the index of refraction ne(2ω) is
the same as no(ω). The phase velocity is thus
the same for both waves and the singular 2ω
waves add in-phase to one another. This way
a part of the incident wave is transformed to

the harmonic wave that propagates in the same direction (optical second harmonic gen-
eration). However, the angle θp corresponds only to a certain wavelength and is different
for others [Dem06]. Depending on the electric field strength in a laser, the conversion
efficiency can reach nearly 100% [Sve10].

This SHG module comprises a highly deuterated KD*P (KD2PO4) crystal. When the
phases are not matched properly, the crystal can be rotated by turning the adjustment
screw on top of the module. A set of dichroic mirrors isolates the required wavelength and
guides the beam towards the output port.

6.1.3. The Glan-Laser polarizer

The Glan-Laser calcite polarizer (GLP, company: Thorlabs, type: GL10-A) in front of
the laser is used for adjusting the laser power which reaches the substrate. Its underlying
principle is that of a Glan-Thompson polarizer.

The Glan-Thompson polarizer comprises an optically negative, uniaxial crystal (calcite)
which is cut in half as shown in figure 6.9. The cut surfaces are then joined together
by a transparent glue. When unpolarized light enters the polarizer through one of its
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entry surfaces, to which the optical axis is parallel, it is split into an ordinary (o) and an
extraordinary (e) beam. If the light enters the crystal perpendicularly to the entry surface,
the two beams propagate in parallel but at different speeds, c/no and c/ne until they reach
the cut surface. The glue (i.e. Canada balsam) has a refractive index ng which is smaller
than no but greater than ne. If the angle at which the beam hits the cut surface is greater
than the angle of total reflection βt for the ordinary beam (sin βt = ng/no), the ordinary
beam is totally reflected. Then the transmitted light comprises only the extraordinary
beam which is completely linearly polarized [Dem06].

The polarized laser light can be described

Figure 6.9.: Glan-Thompson polar-
izer [Dem06].

as an ordinary beam and an extraordinary
beam (comparable to the splitting of E
into Eo and Ee in figure 6.7 (a)) whose in-
tensities depend on the orientation of the
polarization to the optical axis. The polar-
izer is mounted to a rotary table to allow
the adjustment of the orientation and thus
the adjustment of the laser power. The or-
dinary beam is absorbed in a beam dump

which is basically an anodized screw inside an anodized tube (figure 6.10). The anodization
ensures maximum absorption. The end of the screw is pointed rather than flat to prevent
reflection back into the GLP. The power of the extraordinary beam was measured in the
course of this work and the results will be presented in section 6.2.3.

Figure 6.10.: The Glan-Laser polarizer in its rotary mount. The screw serves as a beam
dump and is located at the side where the ordinary beam leaves the GLP.

6.1.4. The dichroic guiding mirrors

The last component in the laser ablation setup are the dichroic guiding mirrors. Metal
mirrors (gold, silver, aluminum) have a reflectivity of usually 90% in the visible spectral
range. This means that a non-negligible portion of the light is absorbed by the metal.



68 6. Characterization of the laser ablation

In laser applications usually a much higher reflectivity is required. Dichroic mirrors are
multi layer systems with very low absorption. Neighbouring layers have different refractive
indices [Dem06]. The incident beam is partially reflected and partially transmitted at the
first layer. The same happens with the transmitted beam at the second layer and so on.
This is the principle of multiple beam interference which was introduced in section 4.2. For
maximum reflectivity the reflected beams need to be phase matched.

Consider a two-layer mirror (figure 6.11) with incident light of wavelength λ and an angle
of incidence α = 0. The polarization of the light shifts by π if reflected at a medium with
higher optical density and remains the same if reflected at a medium with lower optical
density. If nair < n1 > n2 > n3, there is only a phase shift upon reflection at the first layer

Figure 6.11.: Interference of the reflected
amplitudes in a two-layer dichroic mirror
with n1 > n2 > n3 [Dem06].

Figure 6.12.:Reflectivity R(λ) of a 12-layer
dichroic mirror [Dem06].

(n1) and constructive interference can occur when the first layer has a thickness of λ/4 and
the second layer has a thickness of λ/2. The reflectivity of the three different reflecting
surfaces are [Dem06]

R1 =

(
n1 − 1

n1 + 1

)
, R2 =

(
n2 − n1

n2 + n1

)
and R3 =

(
n3 − n2

n3 + n2

)
. (6.8)

The total intensity then is [Dem06]

IR =

∣∣∣∣∣∣
3∑
p=1

Ap

∣∣∣∣∣∣
2

= A0

[√
R1 +

√
R2(1−

√
R1) +

√
R3(1−

√
R1)(1−R2)

]2
. (6.9)

Mirrors produced according to this principle can possess a reflectivity of 99.995%. However,
their function is limited to a certain spectral range (figure 6.12). The same holds for the
angle of incidence. Dichroic mirrors can also be made to retain or change the polarization
of light if required.
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The laser ablation setup holds two such mirrors but the specifications of the mirrors are
unknown. However, comparison of measured data with [Ost08] shows that a sufficient
amount of laser light reaches the substrate and the mirrors are not damaged during high-
intensity laser irradiation.

Anti-reflective (AR) coating, i.e. on the vacuum window through which the laser beam
enters the vacuum chamber, also uses the principle of multi layer surface coating. However,
the layers are configured in a way that interference from the reflected beams is destruc-
tive.

6.2. Measurements and analyses

This section deals with measurements performed to determine the functionality of the laser
ablation setup. These include the effects of different types of power adjustment (specifically,
variation of the delay between flash lamp and Q-switch, the flash lamp voltage and the
orientation of the GLP) and the scanning of the beam profile.

6.2.1. Adjustment of the laser output power

Figure 6.13.:Dependence of the laser output power on the delay between flash lamp
firing and Q-switching. The raw data to this measurement can be found in appendix B.1,
table B.1.
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There are two laser parameters which can be varied in order to change the laser output
power. The first is the delay between the flash lamp firing and the Q-switching order
(FLQ-delay).

The measurements displayed in this section were taken using a power/energy meter (com-
pany: Coherent, type: FieldMaxII-TO) and a thermopile sensor2 (company: Coherent,
type: PM3). With this configuration, the relative laser output power was measured. Dur-
ing the variation of the FLQ-delay, the flash lamp voltage was set to the maximum of
1380 V and the laser power reaching the sensor was reduced by the GLP which was set
to 307◦ (≈ 1% of the maximum power (see appendix B.3, table B.5)). Figure 6.13 shows
the laser output power in relation to the delay. The development of the power output
has a maximum at the lowest delay time of 195 µs. Between 200 and 330 µs the drop in
laser power is approximately linear. A higher delay results in more disexcitation through
spontaneous emission before the Q-switch opens and therefore a lower energy output. At
a delay of approximately 400 µs the population inversion has already dropped below the
laser threshold and no beam is generated when the Q-switch is opened. The maximum
delay time is 500 µs.

Varying FLQ-delay can be a good measure to roughly adjust the laser power reaching the
substrate. However, the fine adjustment should still be done with the GLP. Reducing the
laser output power via the delay can also help reducing or preventing further damage to
the GLP.

Figure 6.14.: Laser power in relation to the flash lamp voltage. The raw data to this
measurement can be found in appendix B.1, table B.2.

2The thermopile sensor coating had been damaged in earlier experiments and was not suitable to measure
the absolute laser power. However, the relative power distribution could be obtained by normalizing
the measured values.



6.2. Measurements and analyses 71

The second parameter regulating the laser power output is the voltage applied to the flash
lamp. A higher luminosity from the lamp results in more atoms in the active medium being
excited in one flash. During the measurements the delay was set to 195 µs for maximum
power output and the laser power reaching the sensor was again reduced by the GLP again
set to 307◦ (1% maximum power). Figure 6.14 shows the laser output power in relation to
the applied flash lamp voltage.

The applicable flash lamp voltage ranged from 1180 to 1380 V. This resulted in a variation
of the laser power between ≈ 82 and 100% of the maximum power. Due to the limited
range and erratic response in changing this parameter, it is recommended to choose and
maintain a certain adjustment during measurements.

6.2.2. The beam profile

Before examining the absolute laser power measurement and adjustment, it is important
to know the size and power distribution inside the beam spot.

Figure 6.15.: The normalized ablation laser beam profile.

For this reason, the beam spot has been mapped using a 0.5 mm aperture, the movable
mirrors and the FieldMaxII-TO laser power/energy meter. The aperture was fixed in
front of the PM3 thermopile sensor which was positioned at a distance of ≈1 m from
the laser output port. The same is the distance between the laser output port and the
HOPG substrate. The step size for the movement of the laser spot was 0.5 mm in x- and
y-direction.

The 10×10 mm2 area was initially scanned in steps of 1 mm. Only where the measured
values started rising above the background level, measurements at the intermediate 0.5 mm
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steps were taken. The FLQ-delay was set to 280 µs and the flash lamp voltage to 1280
V. This results in output of 30-35% of the maximum laser power. At each position, 250
measurements were taken during pulsed laser operation at 10 Hz. The raw data from
this measurement is displayed in appendix B, table B.3. In the background region an
interpolation between the measured values was done. Table B.4 in appendix B shows the
normalized values after subtracting the lowest measured background value. Figure 6.15
shows a three dimensional representation of this table.

The beam spot contains two regions of high intensity divided by an area of almost zero
power in the center. Figure 6.16 shows a more quantitative image of the power distribution.
The contour lines are set in steps of 10% of the maximum beam power. To determine the

Figure 6.16.: The power distribution shown as contour lines. The maximum lies at
Pmax=(3,7). The blue area near the beam spot center is an area of almost zero intensity.

spot size, the area with at least 10% of the maximum intensity was chosen. For simplifi-
cation, the area of low intensity in the center was also included.

The analysis was done by comparing the number of pixels inside the 10 % contour line
(spot) with the number of pixels that made up the rectangle that included and was touched
by the spot on all sides (figure 6.17a). The ratio3 between the pixels inside the spot and
the (364±1)×(326±1) pixels of the rectangle is (200±0.5)/255. Then the dimensions of
the rectagle were compared to those of the image of a 6×6 mm2 reference area with the

3The ratio was derived from one of the color channels (red, blue, green) of the histogram while the spot
was white (all color values = 255) and the background was black (all color values = 0). The mean color
value of the whole picture for any color channel was 200.
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same pixel resolution (figure 6.17b). The reference area contains (415±1) × (406±1) pixels.

Figure 6.17.: Analysis of the beam spot size using the pixel ratio between the spot and
the black rectangle (a) and the rectangle and the 6×6 mm2 image of the same resolution (b).

The spot size is then determined by

Aspot = Aref. area ·
rectangle pixels
ref. area pixels

· pixel ratio. (6.10)

Numerically this is

Aspot = 36 mm2 ·
(364± 1)× (326± 1)

(415± 1)× (406± 1)
·
(200± 0.5)

255

= (19.89± 0.12)mm2

(6.11)

at a distance of about 1 m from the laser. This is in good accordance with the spot size de-
termined in [Mur11] by measuring the spot produced on burn paper.

Instead of the expected Gaussian distribution (TEM00 mode4, figure 6.18) for the laser
power, the beam profile seems to be a mixture of different laser modes which mainly con-
tains the TEM10 mode (figure 6.19). This indicates a misalignment of the laser resonator
mirrors which gives a rise to other modes besides the TEM00 mode. This misalignment
may also cause a severe loss in the laser power, since the power of the TEM00 mode seems
to be missing almost completely [Kue12]. Possible damage of the SHG module, may be
another explanation for this kind of beam profile. This could easily be tested by removing
the SHG module and repeating the beam profile measurement or by using burn paper to
at least check if the spot reaches the minimum intensity to react with the paper all across
its interaction area. Should this not be the case a misalignment of the resonator mirrors
would be the likely explanation for the beam profile.

4The transversal electromagnetic modes (TEM) have neither electric nor magnetic field components in
the direction of propagation. The TEMnm mode has n nodes (areas of zero intensity) in x-direction
and m nodes in y-direction.
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Figure 6.18.: The TEM00 mode is a
two dimensional Gaussian distribution which
should be produced according to [Qua08].

Figure 6.19.: The TEM10 mode has two
intensity peaks divided by a zero intensity
trench.

6.2.3. Adjusting the laser power using the GLP

The absolute laser power was determined by measurement in the low transmission region
of the GLP. This time a different power/energy meter (company: Coherent, type: Field-
master GS) and a pyro sensor (type: LN-P5) were used. The laser output was set to
maximum using the FLQ-delay of 195 µs and the flash lamp voltage of 1380 V. The GLP
extinction axis lies at roughly 313◦, so the area between 302◦ and 324◦ was chosen for
this measurement to remain well inside the power levels the sensor could handle without
being damaged. A rough estimate concerning these power levels was made based on the
measurements in [Mur11]. The measurement area was scanned in steps of 1◦ and 21 mea-
surements of single pulse energies were taken at each position. The resulting values were
then fitted with the function

y(x) = y0 + a · sin2

(
π ·

x− xc
w

)
(6.12)

with the fit parameters y0 (offset), a (amplitude), xc (phase shift) and w (function period).
The plot of the measured values and the fit function is shown in figure 6.20. The values
for the fit parameters are:

y0 = (0.02± 0.01) mJ
a = (38.38± 0.65) mJ
xc = (−47.20± 0.03)◦

w = 180◦ (fixed value5)

The error bars display the standard deviation calculated from the 21 values measured
at each GLP position. The energy amplitude of a single shot suggests that in the 10
Hz mode the laser has a mean spot power of (383.8 ± 6.5) mW or a mean power of
(1930.59 ± 34.69) mW/cm2 when the GLP is set for full transmission. This is about 38%
of the laser power determined by [Mur11] (≈ 1000 mW) and less than 22% of the 1800 mW
specified by [Qua08].

5The function period had to be fixed, otherwise the fit did not yield useful results.
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Figure 6.20.: Plot of the data and the fit function. The region in between 308◦ and 317◦
could not be scanned because the sensor could not measure energies below 0.2 mJ.

At closer inspection, the GLP shows signs of damage (figure 6.21). More specifically the
discolorations seem to be the result of damage to the glue which joins the two calcite prisms
together when observed from different angles. These discolorations absorb a significant part
of the laser power as a second series of measurements has shown.

An attempt was made to aim the laser beam

Figure 6.21.: The damaged GLP.

through an undamaged part of the GLP. This
time 10 measurements at each position were
taken. The mean values and the fit function
are displayed in figure 6.22. It shows that the
energy reaching the energy meter sensor indeed
increases. Due to the diameter of the beam
and the dimensions of the discolorations in the
GLP, it was not possible to determined whether
the beam completely passed the GLP through
an undamaged part. It is possible that some
of the power from the beam edges was still ab-
sorbed by the discolored region or the mount of
the GLP.
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Figure 6.22.: The measurement through an undamaged part of the GLP shows slightly
more laser energy reaching the sensor.

The values for the fit parameters are:

y0 = (0.06± 0.01) mJ
a = (53.61± 0.78) mJ
xc = (−47.31± 0.03)◦

w = 180◦ (fixed value)

The maximal beam power in 10 Hz mode rises to (536.1 ± 7.8) mW or
(2695.3± 42.5) mW/cm2. This is about 30% of the intended power of 1800 mW.

This makes the discolorations of the GLP one of the causes for the reduced laser power
but certainly not the only one. The beam profile suggests either the absence of the TEM00

mode due to a maladjusted resonator and/or losses inside the SHG module. Losses inside
the SHG module can be caused by damage to its light transmitting components or by
partial phase mismatching between the incident wave and the harmonic wave. Also, the
effects of aging of the Nd:YAG rod may reduce the laser output power. Since no precise
reduction factors can be gained from either measurement, it is not possible to exclude other
power reducing effects.

The damage of the GLP is unexpected since the damage threshold is 10 J/cm2 coming
from a pulsed test laser at 532 nm, 10 ns pulse length, 10 Hz repetition rate and a spot
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cross section of 0.75mm [Tho12]. Even at full power the ablation laser would have an
energy output of only ≈ 0.95 J/cm2 per pulse. However, the pulse length is only ≈ 4 ns.
This leads to a maximum peak laser power of ≈ 237.5 MW/cm2 while the test laser has a
peak power of 1 GW/cm2. Considering these values, the damaging of the GLP should not
have occured. No satisfactory explanation for the cause of this damage could be found.
Speculations have been made that nonlinear effects may play a role since the pulse duration
of the ablation laser is shorter than that of the test laser, but these could not be verified
due to a lack of information in this regard.

Since the damage is already done and the GLP absorbs part of the laser energy, it can be
assumed that the deterioration of the GLP transmission capabilities will accelerate during
its further use. However, even the reduced power today is still sufficient for laser ablation.
In earlier ablation laser tests it was determined that a laser power of 200 mW/cm2 was
enough to clean the HOPG substrate [Ost08].

6.3. Scanning the substrate

A scanning routine for the ablation laser has been developed to allow complete cleaning
of the substrate. In order for the user to remain outside the hazard area and operate the
ablation laser without being dependent on the remote control box, the TESTAblation.vi
which was developed in [Mur11] was expanded to allow laser control in addition to mir-
ror control. Figure 6.23 and table 6.1 show the abolute position values for the mirrors
at each checkpoint in the scanning procedure. The checkpoints A, B, K and L identify

Figure 6.23.: The ablation scanning path.

checkpoint x [mm] y [mm]
A 2.500 17.500
B 9.571 24.571
C 10.985 23.157
D 3.914 16.086
E 5.328 14.672
F 12.399 21.743
G 13.814 20.328
H 6.743 13.257
I 8.157 11.843
J 15.228 18.914
K 16.642 17.500
L 9.571 10.429

Table 6.1.: Checkpoint coordinates for
the ablation scanning path.

the corners of the 10×10 mm2 substrate. The programming for the Q-switch operation
allows a sequence of inhibited and fired shots to be repeated as long as the scanning pro-
gresses. By setting the number of inhibited and fired shots, the mean laser power can be
varied.
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6.3.1. Changes to the HOPG surface after high-intensity ablation

Initially, the goal was to determine the laser

Figure 6.24.: The damage to the HOPG
substrate was made visible by illuminating
the substrate with a lamp from the side.

power threshold above which the substrate was
free of any krypton or residual gas after ap-
plying this ablation process. At this point the
(P,C) values (see section 4.3) from ellipsome-
try measurements would not change no matter
how many times the ablation process was re-
peated.

The examination of photographs of the HOPG
substrate taken before the experiments with the
ablation laser for this work had started, re-
vealed damage to its surface where the laser had hit during earlier tests (figure 6.24).
Furthermore, through a incorrect estimate on the applicable laser power, a much too high
setting was chosen in the initial stage of the tests. The laser power used in the following
measurements was by a factor of ≈ 2 greater than assumed. This way the laser power used
in [Ost08] and [Mur11] was exceeded almost at the beginning of the experiments which
most likely changed the surface of the HOPG substrate even more.

The changes to the HOPG surface due to high-intensity laser ablation were observed in a
series of ellipsometry measurements after ablation with laser energies ranging from minimal
to maximal laser power reached through the variation of the GLP orientation (figure 6.25).
In this measurement the compensator was fixed at 45◦ and only the polarizer was rotated
to find the minimum. This type of ellipsometry is called P-ellipsometry6. In this measure-
ment, each second 4 shots were fired and 6 were inhibited. This was repeated a maximum of
99 times and the mirror movement speed was adapted accordingly.

The measurement starts out with a krypton layer of ≈ 250 Å7. The increase in laser power
of up to ≈ 400 mW/cm2 appears to result in the expected hyperbolical approach to a
stable P-value which would indicate cleanliness of the substrate. At higher laser powers
the P values become unsteady. Since the substrate is sufficiently cleaned at 300 mW/cm2

[Ost08], these P-values indicate damage to the HOPG surface8.

For the conversion from GLP angle to laser power, the fit parameters in [Mur11] were
chosen. The reason is that the discovery of the damage to the GLP happened only several
month after the measurement. Since it is unkown when this damage occured, it is assumed
that the full power was transmitted by the GLP at that time. The power scale considers
the factor of 2/5 from the fact that only 4 of 10 shots are fired and the assumed factor

6The P-ellipsometry generally does not find the minimum of zero light intensity. The depth of the
minimum varies with the film thickness and at a krypton film thickness of > 600 Å (≈ +20◦ relative
to the P-value of a clean substrate) the minimum becomes too flat to be identified [Spi11].

7This is an estimate depending on a the P-value of ≈ 64.5◦ for a clean substrate from measurements in
[Mur11] and simulations on the relations between the krypton film thickness and the P-value in [Spi11].

8To allow comparison to data from earlier works, the mean laser power is used as an indicator for the
ablation power. However, it is the author’s opinion that the pulse power or pulse energy would be
better suited.
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of 2 by which the indicated power in [Mur11] had been reduced. Table B.6 (Appendix B.4)
contains the underlying values to the plot in figure 6.25.

Figure 6.25.: Increasing the ablation power results in the decrease of the P-value up to
the point where the surface starts to change due to the high temperatures. Increasing the
laser power beyond ≈ 400 mW/cm2 produces an erratic response.

Figure 6.26.: The damage to the HOPG substrate extends beyond the beam spot (a). A
HOPG substrate prepared for ellipsometry has a smooth and reflecting surface (b).
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In an attempt to determine damaging capabilities of the ablation laser and the extent of
possible damage to the HOPG substrate, the GLP was removed from the optical path
and the ablation laser was set to fire at a single spot of the substrate for 300 seconds
at 10 Hz. This resulted in a macroscopic exposure especially in the beam spot regions
of high intensity. Figure 6.26(a) shows a closeup view of the substrate after this proce-
dure.

Usually the HOPG, when prepared for ellipsometry measurements, has a smooth and
reflective surface like in figure 6.26(b) (except of course for the small scratch in the center).
After this procedure there is an imprint of the beam profile on the HOPG surface which
is apparent by the two broader and deeper trenches which are connected by a narrower
trench of lesser depth (compare to figure 6.15). The coarse and blackened area around
the spot has a ring-like shape (halo). At the far edge of the sample, the surface appears
smooth but discolored.

Figure 6.27.: Microscopical analysis of the HOPG surface reveals the melting of the
surface in the area hit by the laser beam (a), (b) and the peeling of the surface layer in the
surrounding coarse areas (c). The surface of an undamaged HOPG sample is clean and smooth
between the layer steps (d). Magnification factor of pictures (a)—(c): 16x, (d): 10x.

Images taken through a microscope reveal that the surface appears to have melted into
cone like (figure 6.27(a)) or beady structures (figure 6.27(b)) where the laser beam hit
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the surface. In the area where the surface is coarse remnants of the original surface can
be found which appears to peel at the edges (figure 6.27(c)). Figure 6.27(d) shows an
undamaged HOPG surface which is smooth between the layer steps.

Discussion on the ablation of HOPG

Many experiments have been made in the area of pulsed laser ablation on HOPG using
lasers with wavelengths ranging from the UV to the IR and pulse widths ranging from
less than 100 fs to several tens of ns. The findings and conclusions from some of these
experiments are presented in this section to illustrate the mechanisms of the ablation
process on the one hand, and to compare the results to those of experiments conducted
under similar conditions on the other hand.

The ablation of HOPG can be very clean, precise and reproducible when conducted with
a tightly focused (to the wavelength regime) laser beam and an ultra-short pulse width
(120 fs) [Shi00]. The high-intensity radiation is absorbed by the electrons in the optical
skin depth. The atoms in the skin layer are thus ionized and form a near-solid density
plasma. Due to the mass difference between the atoms and the electrons, the energy
transfer occurs weakly during the pulse duration. Since with ultra-short pulses the pulse
width falls below the lattice heating time only the solid material in the interaction volume
is vaporized and ejected with high kinetic energies while the surrounding material is left
intact. In ultra-short pulsed laser ablation the depth per pulse is directly proportional
to the square of electron temperature implying that the electron temperature governs the
ablation process [Mom96].

The energy transfer to the lattice becomes significant when the pulse width is increased to
the ns regime. During the pulse duration the heat diffusion involves a much larger volume
than the focus volume and the electrons and ions are in thermal equilibrium. Experiments
with pulsed laser ablation showed that damage through thermal shocking at the edges of
the interaction area increases as the pulse width increases. Furthermore, the scattering
of the cracked material by exiting plasma, plastic flow of the graphite and peeling of the
surface was observed in a halo around the focus area. This kind of collateral damage
becomes pronounced at pulse widths of a few ps [Shi00].

The difference between ablation with shorter and longer pulses suggests that longer pulses
create thermal waves leading to a large halo or vapor dust ring around the area of in-
teraction [Shi00]. In experiments with an 193 nm, 14 ns excimer laser, this halo was
characterized as a mechanically soft region with nanocrystalline and turbostratic9 carbon
[Mec99].

The minimal energy fluence that allows ablation is called damage threshold. Using a 120 fs
pulsed Ti:Sapphire laser (825 nm) the damage threshold was found to be 0.25 J/cm2 for
HOPG [Shi00]. This was reduced to 0.13 J/cm2 when using a 90 fs, 620 nm wavelength dye
laser [Rei92]. These values were much lower than the 0.9 J/cm2 achieved with a 248 nm
wavelength, 23 ns pulsed laser [Win97], suggesting that the damage threshold decreases
when the pulse width is reduced.

9Turbostratic carbon still exhibits the parallel atomic layer structure but the layers have no preferred
orientation to one another.
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Several species of carbon can be generated in the laser ablation of graphite with nanosec-
ond pulses. These are electronically excited neutral carbon atoms as well as singly and
doubly charged atomic carbon ions [Tog96], [Mue93]. During the pulsed laser vaporiza-
tion (308 nm, 16 ns puls width) of carbon, the formation of carbon clusters C+

n (where
n lies between 2 and 7) was detected by time-resolved ion mass spectrometry. The
most abundant ions were C+ and C+

3 which was attributed to recombination processes
in the gas phase [Ari98]. 30 ns laser pulses generated primarily C+

4 and C+
3 . In con-

trast, during ablation with 500 fs pulses no evidence for cluster formation could be found
[Mue93].

Raman spectroscopy10 of a pure graphite surface reveals a sp2 hybridization. Ablation
of that surface results in sp3 hybridized amorphous carbon being created at and around
the ablated spot which is more pronounced, the greater the pulse width. After ablation
with ns pulses, the presence of diamond-like carbon (DLC, more strictly sp3 hybridized
than amorphous carbon11) in the focus area and the halo around it could be detected
[Mec99].

The creation of DLC happens as the pressure and temperature on the irradiated surface
are locally raised. In this environment the preferred phase is sp3 and the sp2 carbon is
transformed to DLC. This process occurs irrespective of the pulse duration. However, for
ultra-short pulses the detection rate for DLC on the surface is low since the heating is
localized and the species are ejected with very high kinetic energies. The vast majority of
the transformed DLC is thus removed in the ablation process [Shi00].

6.4. Quadrupole mass spectrometry

To analyze the composition of the gas inside the vacuum chamber during the ablation a
quadrupole mass spectrometer (QMS) has been employed. The QMS distinguishes between
ions with different m/q ratios, where m is the ion mass mass in terms of atomic mass units
(amu) and q is its charge in terms of unit charges. The vacuum setup of the CKrS uses
the residual gas analyzer (RGA) “Transpector2” made by Inficon.

6.4.1. The principle of quadrupole mass spectrometry

This section provides a brief overview over the functionality of a QMS. A QMS comprises
three main components, each serving a different function:

1. The ion source generates ions from the gas molecules inside the vacuum chamber.
To achieve this, a heated cathode produces low energy electrons (usually 50-150 eV)
which ionize a small portion of the gas molecules. The energy of these electrons

10In Raman spectroscopy monochromatic light is scattered at a sample. From the difference between the
frequency of the incident light and the frequencies of the scattered light, information on the sample
material can be gained.

11The distortion of the bond angles in the terahedral structure determines the qualitiy of the sp3 hy-
bridization [Shi00].
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determines how many and what sort of ions are produced (single or multiple charge).
The ion current, i+, can be calculated from [BAL]

i+ = i− · l · s · p [A] (6.13)

where

• i− is the current of ionizing electrons [A],

• l the mean free path [cm]

• s the differential ionization12 [1/(cm ·mbar)]

• p the partial pressure of the analyzed gas [mbar]

Depending on the complexity of the ionized molecule, fragment ions can be produced.
As an example, table 6.2 shows the cracking pattern of CO2 produced with 70 eV
electrons.

m/q intensity ion
12 2.46 12C+

16 6.24 16O+

22 1.78 12C16O++
2

28 6.55 12C16O+

29 0.06 13C16O+

44 100.0 12C16O+
2

45 1.16 13C16O+
2

46 0.41 12C16O18O+

Table 6.2.: The cracking pattern of CO2 at 70 eV electron energy. The intensity values
are normalized to that of the most commonly produced ion (12C16O+

2 = 100.0). Intensities of
less than 0.01 are not shown [BAL].

Electric fields guide the ions towards the ion selecting section.

2. The quadrupole mass filter (QMF) was developed by W. Paul in 1953. The
QMF consists of four ideally hyperbolically shaped13 rod electrodes (figure 6.28).
The potential in this configuration is [Bla07]

Φ(~r,t) = Φ0(t) ·
x2 − y2

r0
. (6.14)

If Φ0(t) is a constant voltage U , an ion inside the QMF oscillates harmonically in
the x/z-plane while its amplitude in y-direction increases exponentially until it hits
the electrode. If the DC voltage is overlayed with an alternating voltage, the QMF
becomes periodically focusing and defocusing in each direction. At certain frequencies

12The differential ionization states how many ionizations occur inside the distance of 1 cm at a pressure
of 1 mbar and a given temperature.

13Usually cylindrical electrodes are used. If the ratio of the round rod radius to the radius r0 of the QMF
(see figure 6.28) is made equal to 1.148, the resulting electric field is a reasonably good approximation
to the desired hyperbolic shape [Tra07].
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this leads to a stable trajectory for an ion with a certainm/q ratio. For an alternating
current V with the frequency ω equation 6.14 becomes

Φ(~r,t) = (U + V · cos ωt) ·
x2 − y2

r0
. (6.15)

Figure 6.28.: The rod electrodes of the QMF. Opposing electrodes have a distance of 2r0

to one another and are kept at the same potential. The potential on the other rods has an
opposite sign. Figure [Bla07].

For an ion with single positive charge and massm the equations of motion are [Bla07]

ẍ+
2e

mr2
0

· (U + V · cosωt) ·x = 0, (6.16)

ÿ − 2e

mr2
0

· (U + V · cosωt) · y = 0, (6.17)

z̈ = 0. (6.18)

In a homogenous electric field the time dependent part would be zero when averaged
in time. Since the quadrupole field is inhomogenous a small resetting force remains
which acts in the direction of reduced field strength (the central axis). This results
in periodic movement around the z-axis in x- and y-direction. The movement in
z-direction remains steady.

Through the transformation to dimensionless parameters the equations of motion in
x- and y-direction become Mathieu’s differential equations [Bla07]

d2x

dξ2
+ (ax + 2qx · cos2ξ) ·x = 0 (6.19)

d2y

dξ2
− (ay + 2qy · cos2ξ) · y = 0 (6.20)
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with
ax = −ay =

8eU

mr2
0ω

2
, qx = −qy =

4eV

mr2
0ω

2
, ωt = 2ξ. (6.21)

Here au/4 (u = x,y) is the ratio between the potential energy eU of the DC field and
the kinetic energy mv2/2 = mr2

0ω
2/2 of the oscillation amplitude r0, and qu/2 is the

ratio between Epot in the AC field and Ekin.

Solving equations 6.19 and 6.20 for given m and V gives information on the behav-
ior of the ions in the QMF. Since both directions of motion are described by the
same differential equation, it is sufficient to consider the normal form of Mathieu’s
differential equation [Bla07]

d2u

dξ2
+ (au − 2qu · cos2ξ) ·u = 0 with u = x,y. (6.22)

Figure 6.29 shows the graphical representation of a solution to Mathieu’s equation
which is simultaneously stable for the x- and y-direction.

Figure 6.29.: Stable region of the solution for Mathieu’s differential equation. The
shaded areas represent the stable regions for the x- or y-direction. The overlapping area in
the magnified picture is an area of stability for both directions. For a given U/V ratio, an
operating line through the origin of the coordinate system intersects with this area of stability.
The closer this intersection is to the tip (q0,a0) = (0.706,0.237) the smaller becomes the mass
range in which the movement is stable. Figure adapted from [Bla07].

An operating line which is defined by the ratio U/V = const. contains the operation
points for all ion masses. Ions that are too light (m1) are stable in the y/z-plane, but
unstable in the x/z-plane. The opposite holds for too heavy ions (m3). The range
for ion masses that lead to a stable oscillation in both directions is adjustable by
varying U/V . This range can be calculated from the q or a values of the intersection
of the operating line with the boundaries of the area of stability and equation 6.21.

The transformation of equation 6.21 to [Bla07]

U =
axm

2r2
0ω

2

8e
= −aym

2r2
0ω

2

8e
, V =

qxm
2r2

0ω
2

4e
= −qym

2r2
0ω

2

4e
(6.23)
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and the resulting stability diagram in figure 6.30 clarify the functionality of the
QMF. The areas of stability for m1, m2 and m3 have the same shape as in a/q-space,

Figure 6.30.: The stability diagram in (U,V) space shows the regions of stability for
different masses depending on the magnitude of U and V. Figure adapted from [Bla07].

however, their dimensions are stretched by a mass-weighted factor. The simulatneous
and proportional increase of U and V (a/q has to remain constant) leads to movement
along the operating line and ions with increasing masses can successively be detected.
This results in a spectrum with a mass resolution.

3. The ion detector can be a Faraday cup in which the ions are collected as a current.
This current is transformed to a signal by a sensitive current to voltage transformer.
In case of very weak ion currents, a secondary electron multiplier may be used to
amplify the signal. For this purpose the ions are accelerated to a few keV before
producing secondary electrons at a conversion dynode. These electrons may then be
accelerated towards the next dynode where they produce an even greater number of
secondary electrons. This may be done several times to achieve a current gain of
several orders of magnitude, typically 107

6.4.2. Mass spectra taken during the ablation process

The procedure of increasing the ablation power which was discussed in section 6.3.1 has
been monitored by the RGA. In this instrument the e− are produced with the energy of
102 eV [Tra07]. Figure 6.31 shows the developement for the ratio m/q = 12 amu/e. The
amount of the gas adding up to the 12 amu/e signal is displayed as the ion current at the
detector. The scale is logarithmic for more clarity.
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Figure 6.31.: Analysis of the 12 amu/e bin of the mass spectrometer (green line)
during the ablation with increasing power shows an increase of almost two orders of magnitude
between low-intensity and high-intensity ablation. The power values are taken from table B.6.
The first ablation with 0.04 mW/cm2 does not register. The blue graph shows the total
pressure inside the vacuum chamber.
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During each ablation step a peak occurs, except for the first step where the laser power is
minimal (0.04 mW/cm2). In the total pressure graph an additional peak is visible which
stems from the gas inlet.

The 12 amu/e bin shows the current from C+ ions which can stem from CO, CO2 or
the HOPG. At low intensities the C+ peak appears to hold at approximately the same
level. At about 1000 mW/cm2, the ion current during ablation begins to increase until the
maximum laser power is applied. The difference between the ion current at low-intensity
and high-intensity ablation is nearly two orders of magnitude.

From the development of the total pressure, four points were selected for closer analysis.
Figure 6.32 shows the residual gas mass spectrum (a) taken before the first ablation and
mass spectra taken during the gas inlet (b), low-intensity ablation (c) and high-intensity
ablation (d).

• (a): The residual gas mass spectrum shows the presence of hydrogen as a large H+
2

peak (2 amu/e) and a small H+ peak (1 amu/e). The H+ originates mostly from the
fragmentation of H2 and perhaps to a small percentage from water molecules. The
presence of water is visible through the 18 amu/e (H2O+) and the 17 amu/e (OH+)
peaks. The small 16 amu/e peak indicates the presence of oxygen from air, water
or carbon dioxide and monoxide. In addition to CO, CO2 and air the 28 amu/e
peak suggests the presence of molecular nitrogen. The 44 amu/e peak indicates trace
amounts of CO+

2 and/or N+
2 O.

Since this setup contains carbon and hydrogen which can bond in various ways, some
types of hydrocarbon fragments (CnHm)+ may be present as well.

• (b): During the krypton inlet the hydrogen peaks remain nearly unchanged as does
the water peak. The peaks at 80, 82, 83, 84 and 86 amu/e show the different isotopes
of krypton. The peak heights appear to correspond to the isotopic composition of
krypton 14. Doubly ionized krypton shows at 40, 41, 42 and 43 amu/e. The 28 amu/e
peak indicates triply ionized krypton15. The appearance of a small 14 amu/e peak
which stems from atomic nitrogen suggests that part of the 28 amu/e peak is caused
by N+

2 . At the time of this measurement the krypton gas had been stored in the
mixing chamber for several month. As explained in section 3.2.1 the gas could have
been contaminated during this time through outgassing from the chamber walls.
Since the mixing chamber was evacuated from air atmosphere at some point, there
should always be some air adsorbed at the chamber walls which eventually is partly
released into the chamber over time. This may be the source of the increased nitrogen
during gas inlet.

• (c): During the low-intensity ablation the distribution of the krypton peaks remains
nearly the same as in (b). However, comparison with the hydrogen peak shows that
now much more krypton gas is present in the vacuum chamber. The difference here is
that while the krypton was guided towards the HOPG substrate during the gas inlet,
it moves in all directions and mostly away from the substrate after being ablated.

14 80Kr: 2.29%, 82Kr: 11.59%, 83Kr: 11.50%, 84Kr: 56.99%, 86Kr: 17.28%.
15The ionization energies for krypton are I: 13.999 eV, II: 24.359 eV and III: 36.95 eV. The values relate

to the respective previous ionization step [CRC83].
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Figure 6.32.: Mass spectra of the residual gas composition inside the vacuum chamber (a),
the gas composition during the Kr gas inlet (b) and during the low and high-intensity ablation
(c) and (d).
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This results in a much higher concentration of krypton gas in the area around the
ion source of the RGA.

The 28 amu/e peak being comparatively smaller than during gas inlet suggests either
a reduction in triple ionization of krypton or a reduction in the N2 concentration. It
is also possible that this peak appears smaller due to signal fluctuations which can
be significant at the relatively short measurement time of 32 ms at every m/q bin.

• (d): During the high-intensity ablation the amount of H2 increases by about an
order of magnitude. This is accompanied by the presence of significant quantities
of hydrocarbon fragments. Table 6.3 shows the possible sources for the peaks in
this spectrum. The relatively high concentration of molecules that include one or

mass [amu] ion sources
1 H hydrogen, water, acids, HY
2 H2 hydrogen
12 C carbon monoxide or dioxide, HY
13 CH HY
14 CH2 HY

N nitrogen
15 CH3 HY
16 CH4 HY

O oxygen, carbon monoxide or dioxide, water
24 C2 HY
25 C2H HY
26 C2H2 HY
27 C2H3 HY
28 C2H4 HY

CO carbon monoxide or dioxide
N2 nitrogen, air

41 C3H5 HY
82Kr DI krypton

42 C3H6 HY
84Kr DI krypton

43 C3H7 HY
86Kr DI krypton

44 C3H8 HY
CO2 carbon dioxide

82 82Kr krypton
83 83Kr krypton
84 84Kr krypton
86 86Kr krypton

Table 6.3.: Possible contents of the vacuum chamber during high-intensity ablation.
HY = hydrocarbon fragment, DI = doubly ionized [Inf03].

more carbon atoms could arise from the HOPG being ablated at high power. The
increase in H2 may be caused by heating of parts of the interior through the scattered



6.4. Quadrupole mass spectrometry 91

laser light. This might lead to hydrogen being desorbed from those parts and being
available for reactions. Another possibility the release of stored hydrogen from the
HOPG. Molecular hydrogen in ground state is nearly spherical with a kinetic diameter
of 2.89 Å which makes it too wide to penetrate the hexagonal structure of the HOPG
with a lattice constant of 2.46 Å [Waq07]. However, the presence of defects in the
surface structure could allow the accumulation of H2 through van der Waals forces.
Experiments with atomic hydrogen, which is also present in small amounts, have
shown that since it has a Bohr radius of only 0.5 Å it is capable of entering the
bulk of HOPG and recombine to H2 to be stored below the surface. Chemisorption
of atomic hydrogen on HOPG is also possible. Desorption of atomic hydrogen from
HOPG through heating partly leads to the creation of molecular hydrogen [Nik08].
However, the degree of hydrogenation of the HOPG is unknown and therefore the
contribution by this factor is not quantifiable, as are the other effects for that matter.

After multiple ablation procedures at increasing intensities, the presence of krypton
may stem from the desorption through heating of parts of the interior by scattered
laser light. The krypton films had been prepared and ablated for weeks. During
ablation the krypton would be desorbed from the HOPG and be distributed across
the vacuum chamber, allowing adsorption at the cold shield and the substrate holder.

6.4.3. The adsorption of gasses at the HOPG surface

The carbon atoms in HOPG are very strictly sp2-hybridized (σ bonds to three neighbouring
carbon atoms) which results in the planar hexagonal structure. The remaining p-orbital
assumes a delocalized π-bond. In this configuration, carbon is chemically nearly inert and
non-polar. Noble gases such as krypton, xenon or argon are physisorbed to HOPG as are
N2 and O2 [Fau90], [Ulb02]. Physisorption is fundamentally caused by van der Waals forces
which originate from interaction between induced, permanent or transient electric dipoles.
Due to the fluctuating character of the electrons in atoms and molecules, they represent
transient dipoles. The van der Waals force is the sum of the attractive and repulsive forces
between these dipoles. Even the non-polar HOPG exhibits this behavior. The desorption

name desorption energy [kJ/mol] converted to meV/atom
water 46 ± 3 477 ± 31
oxygen 12 ± 1 124 ± 10
nitrogen 13 ± 1 135 ± 10
xenon 24 ± 2 249 ± 21
carbon dioxide 24 ± 2 249 ± 21
carbon monoxide 13 ± 1 135 ± 10
HOPG (interlayer) 4.2 ± 0.3 44 ± 3 [Liu11]

Table 6.4.: Binding energies of some gasses inside the vacuum chamber on HOPG [Ulb06].

energy of i.e. ogyxen (O2) to HOPG is 10-12 kJ/mol (depending on the O2 coverage on the
HOPG surface) which is 104-124 meV per molecule [Ulb02]. The binding energy has been
determined through thermal desorption. Table 6.4 is a small excerpt from a compilation
of the desorption energies of a number of gases on HOPG [Ulb06]. The value for krypton
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could not be found but since it is also a noble gas, the energy necessary for desorption
from HOPG should be near that of xenon.



7. Summary and outlook

In this work, several aspects concerning the condensed 83mKr source (CKrS) were dis-
cussed. A new setup design was introduced which facilitates the installation at the cryo-
genic pumping section (CPS) of the KATRIN experiment. Significant changes have to be
made to the geometry of the substrate region and a system of movable frames and scaf-
folds will be implemented to which all other components of the CKrS will be mounted.
To achieve the kind of mobility necessary to scan the entire flux tube of KATRIN, a set
of lifting gears and computer controlled motors will be employed at the CKrS. The flux
tube is scanned by moving the HOPG substrate with the 83mKr film and thus by directing
the conversion electrons consecutively towards each pixel of the detector. A LabVIEW
program has been written and all functions necessary for that task have been implemented
and tested.

However, in order to ensure a truly automated scanning procedure, the program will need
to be extended. Up to now all basic functions are available, but it is necessary to move to
each desired position by manual input at the computer. A sequence of movements and idle
times for measurements, would allow the targetting of all or a part of the detector pixels
successively. This is easily achieved by implementing a routine that causes the positioning
function to process a list of position values. This way with the push of a single button, a
complete measurement cycle can be initiated.

The ablation setup has a number of shortcomings as several tests and observations have
revealed. The beam profile has shown a deficit in power in the center of the beam which
indicates that instead of the laser ground mode, mainly the TEM10 mode is excited. This
could mean that the resonator mirrors are misaligned. Alternatively the second harmonics
generation (SHG) module may be damaged and part of the beam could be lost therein. Fur-
thermore, the laser operates at reduced power which can be attributed to various causes,
but mostly to the Glan-Laser polarizer (GLP) which is discolored and absorbs a signif-
icant part of the laser power. The missing laser power in the beam center is another
factor.

While the laser setup performed sufficiently well during the tests, these issues should be
adressed before the implementation of the CKrS at the KATRIN experiment. To ensure
reproducible results when using the ablation laser, the functionality regarding the power
output needs to be restored. Several tests and adjustments can be performed on site, such
as removing the SHG module to check the raw laser output or adjusting the phase matching
of the SHG module. However, the manufacturer recommends that the adjustment of the
laser resonator mirrors should be done by a specialist. Also the GLP needs to be replaced.
In order to prevent damaging a new GLP, the laser output power should be reduced by
adjusting the FLQ delay accordingly. Since the laser has far more power than necessary
for the ablation of krypton and residual gas, this is easily possible.
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One very important issue that needs to be adressed before its operation at the KATRIN
experiment begins, is the achieving of laser class 1 for the ablation laser. For this purpose, a
box will have to be constructed that encases the optical path between the laser output port
and the vacuum window including every optical component in between to prevent direct
or indirect irradiation of areas where personnel may be present.

Results from ablation procedures have been presented. Ellipsometric measurements on
the HOPG substrate showed that its surface was modified at sufficiently high intensities.
The irradiation of a single spot resulted in extensive damage to the substrate surface.
The peeling and melting of the surface layers was visible in microscopic observation. The
damage to the area of interaction was attributed to the high-intensity irradiation while
additionally the surrounding area exhibited thermal damage due to the long laser pulse
duration.

The residual gas analysis showed that molecular hydrogen accounts for the greatest per-
centage of the residual gas content in the vacuum chamber. The presence of water was also
notable. During the inlet of krypton gas a slightly elevated presence of nitrogen was de-
tected. This was attributed to the krypton gas being contaminated due to long storage in
the mixing chamber at a relatively low pressure. During the low-intensity ablation the ex-
pected peaks of singly or multiply ionized krypton isotopes could be observed. During the
high-intensity ablation the amount of hydrogen in the vacuum chamber rises significantly
which may be an indication for the release of hydrogen stored at or below the surface of
the HOPG. At this intensity the formation of a diversity of hydrocarbon fragments occurs.
A getter pump will be available at the CPS to reduce the hydrogen content of the vacuum
system.



A. Technical details on the motion
control

A.1. Details on the IMD 20 drive module

Figure A.1 shows a more detailled view of the connectors on the IMD 20 drive module.
Motors which are controlled via the IMD 20 operate at 40—95 V and the EC 60S motors
in particular require a current of 6.9 A at the rated speed of 3000 rpm (the peak current is
20 A). Connector X1 provides the power for the motor from pins (W), (V) and (U). The
input from a 50 V power supply also happens at X1. The two LEDs between X1 and X2

Figure A.1.: The IMD 20 connectors X1 to X4 are in use during operation [Ise08].

indicate whether sufficient voltage is applied to the motor (40—95 V) and to the encoder
(5 V).

Via X2, the drive module recieves the signals from the encoder and the hall sensors of the
motor. Also, the status of the limit switches is monitored here. The LEDs next to X2
indicate the drive status. If both are illuminated the module is operational. However, in
case of a fault in the system, one or both LEDs may flash a certain number of times. This
code indicates the nature of the problem1.

The X3 connector supplies the drive with the 24 V for the logic functions which in this
case are the limit switches.

X4 is used for communication with the PXI system. Here the commands are recieved and
the data from the encoder as well as drive status information are transmitted. These can
then be processed by the PXI system and visualized at the LabVIEWPC.

At the side of the IMD 20 drive module is a DIP2 switch which sets the communication
parameters for the module. The DIP switch is queried only once, when the module is
activated or after a reset. Switches 1 to 4 define the node ID at which the drive can be

1Details on the fault code can be found in [Ise08].
2DIP: dual in-line package
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accessed by the computer. A node ID of 0 activates the analogue input and communication
with the drive is only possible via serial (RS-232) interface. The baud rate3 can be set by
switch 5. The baud rate has to be the same at the transmitting and the recieving end. In
low speed mode (switch 5 = 1), the signal rate is 20 kBd. When switched to high speed
mode (switch 5 = 0) a baud rate of up to 1 MBd can be chosen. Switch 6 sets the type of
interface (RS-232 or CAN bus) for the signal transfer. With switch 7 activated the “limit
switch chain In” and “limit switch chain Out” are connected. If one or both limit switches
are activated, the contact is open and power to the motor is cut. Switch 8 terminates the
CAN bus with a resistor of 120 Ω if activated.

Since this setup uses the CAN bus at high-

Figure A.2.: Schematic of the DIP switch at
the side of the IMD 20 drive module [Ise08].

est baud rate for communication and only
one motor and drive per direction of move-
ment, switches 5 to 8 are always in position
0 (on) and the node ID has to be at least
1 or greater.

The CAN network has to be terminated
by a 120 Ω resistor at each end. The drive
module contains such a resistor which can
be activated by the DIP switch CAN termi-
nator. At the PXI system the termination
happens inside the DE-9 plug of the con-
necting cable (figure A.3). The resistor has
to connect the CAN High and the CAN Low lead [Ise08].

Figure A.3.: The cable connecting the CAN controller and the IMD 20 and its lead
assignment at the DE-9 jack.

3Baud rate (Bd) is the unit of symbol or pulse rate. A baud of 1 kBd is synonymous to a symbol rate of
1000 symbols per second. In digital systems 1 Bd = 1 bit.
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A.2. CANopen

The Motorcontrol_v2.vi is programmed using the CANopen DS402 device profile for drives
and motion control [Ise08]. Write or read commands called “objects” are entered as a four
digit hexadecimal number called “index”. Many objects offer several functions which are
accessed by the “sub-index”, a two digit hexadecimal number. Write commands require a
value (such as position or velocity) which is put in as a decimal number. This value is
then converted to a signed or unsigned 8-, 16-, or 32-bit integer depending on the range
of the possible values. With a read command such an integer is produced and needs to be
translated to a decimal number for comprehensible output.

Figure A.4 shows a simple example for a position read command. First a “CANopen

Figure A.4.: The read_position SubVI structure is representative for all implemented
functions using the CANopen protocol.

interface” (A) is created for the CAN port (port 1 or 2 on the PXI-CAN module) and the
baud rate for the data transfer is defined. The following “service data object” (SDO) (B)
enables access to the object dictionary (a list of all possible write and read commands)
for the drive. The drive is adressed by its node ID which is defined by the DIL switch.
Now the “SDO read object” (C) reads the value of the desired parameter from the object
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library. The object has an index of 6064 and a sub-index of 00 (only one 0 is displayed)
and is a signed 32-bit integer. The data size of 4 byte and the timeout of 1000 ms are set
by default. Since CANopen uses the little-endian format (least significant byte first) for
the output and LabVIEW uses the big-endian format (most significant byte first), the data
has to be converted by the “fetch from data [I32]” SubVI (D) before output. Optionally
the completion code from the SDO can be displayed with name and description by the
“SDO completion code to string” SubVI (E).

For a write command merely the “SDO read object” has to be replaced by the “SDO write
object” SubVI. Some commands are read only and some are write only while others can
be read or written. A complete set of objects used for the IMD 20 can be found in [Ise08].
These and other LabVIEW SubVIs for the programming of a CANopen based network
using an IMD20 are accessed from the driver library which can be obtained via National
Instruments (NI).

Figure A.5.: Schematic of the state machine [Ise08]. The state of the drive can be queried
by the status word. The values next to the state denomination show the output value (for
example 23 for “Switched On”) for such a query.

An important characteristic of the IMD20 drive is that some commands have to be given
in a certain order to make it operational. For this reason the drive module comprises
a state machine that monitors the state the drive is in and determines which states
can be accessed next. The diagram in figure A.5 shows a description of this state ma-
chine.



A.2. CANopen 99

When power is turned on, first the drive is initialized (Not Ready to Switch On). After
initialization, the drive remains in a state where all drive functions and the final stage are
blocked. This is the post-initialization state (Switch On Disabled). Now the User has to
input the appropriate commands to make the drive module operational. The state of the
drive is changed by the control word, a 16 bit object (bits are counted 0, 1, 2, ...), which
controls the most basic functions of the drive. Unlike any other object in the library it is
used in every mode of operation the drive module has to offer. The control word index is
6040 with a sub index of 00. This sequence makes the drive operational up to the point
where only the “start motion” command has to be given.

1. Index: 6040, sub index: 00, value: 6 (U 16)4 (011 in binary code). This command
actually does not change the state of the drive or the final stage but merely sets the
state from post-initialization to active user control (Ready to Switch On).

2. Index: 6040, sub index: 00, value: 7 (U 16) (111 in binary code). Now the final stage
is released, but the drive functions are still blocked (Switched On)

3. Index: 6040, sub index: 00, value: F (U 16) (1111 in binary code). This enables all
drive functions and the motor can be accessed by a single command.

Before starting the motion the user may now want to set the mode of operation, for example
“profile position mode” and the motion parameters. Also the conversion factor between
encoder increments and µm has to be defined.

4. The mode of operation is set by index: 6060, sub index: 00, value: 1 (I 8).

5. conversion factor numerator: index: 6093, sub index: 01, value: 16 (U 32).

6. conversion factor divisor: index: 6093, sub index: 02, value: 1 (U 32).

7. Target position: index: 607A, sub index: 00, value (I 32).

8. Final velocity: index: 6082, sub index: 00, value (U 32).

9. Acceleration: index: 6083, sub index: 00, value (U 32).

The mode of operation and the conversion factor can be set before, during or after steps 1 to
3, because these objects are not subject to the processes in the state machine. However, the
movement parameters have to be put in after the “profile position mode” is activated and
before the motion is started. The command to start movement in any mode of operation
except the velocity control mode5 is given by setting bit no. 4 of the control word to 1
while all the previously set bits (0 to 3) have to remain as they were. The command for
starting motion is therefore:

10. Index: 6040, sub index: 00, value: 31 (U 16) (11111 in binary code)

4The U 16 declares that the value has to be converted to a unsigned 16-bit integer. There are 8-, 16-,
and 32-bit formats which can be signed (prefix I) or unsigned (prefix U).

5The command to start motion in velocity control mode is simply given by sending the command to
change the velocity.
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If the state of the drive is unknown, the status word (index: 6041, sub index: 00 (U 16))
can be queried. Figure A.5 shows the values of the status word for each state. This object
constitutes a comparison tool for if-then functions in the program. If, for example, the
homing mode is activated and the zero position is acquired, the status word has a different
value than after the reference run is completed. Also, faults can be identified by use of this
object and reset by setting bit 7 of the control word to 1.



B. Tables

B.1. Measurement data on laser parameters

FLQ-delay [µs] laser power [arb. units]
195 2.00
200 1.99
210 1.89
220 1.78
230 1.60
240 1.49
250 1.31
260 1.16
270 1.09
280 1.00
290 0.91
300 0.82
310 0.71
320 0.62
330 0.50
340 0.43
350 0.38
360 0.35
370 0.33
380 0.33
390 0.31
400 0.31
500 0.29 (background value)

Table B.1.: Table on power adjustment through variation of the FLQ-delay. Flash
lamp voltage: 1380 V, GLP angle: 307◦.
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flash lamp voltage [V] laser power [arb. units]
1380 2.07
1360 2.02
1340 2.03
1320 2.02
1300 2.04
1280 1.99
1260 1.88
1240 1.88
1220 1.81
1200 1.78
1180 1.76

Table B.2.: Table on power adjustment through variation of the flash lamp voltage.
FLQ-delay: 195 µs, GLP angle 307◦.
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B.2. Measurement data on the beam profile

Table B.3.: Raw data from the beam profile measurement (arbitrary units).
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Table B.4.: Normalized data without background.
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B.3. Power adjustment via the GLP

GLP angle [°] laser power [mW/cm2] GLP angle [°] laser power [mW/cm2]
223 1930.59 269 925.41
225 1927.77 271 858.27
227 1920.27 273 791.65
229 1908.11 275 725.87
231 1891.36 277 661.27
233 1870.11 279 598.15
235 1844.45 281 536.83
237 1814.50 283 477.59
239 1780.42 285 420.73
241 1742.38 287 366.52
243 1700.55 289 315.24
245 1655.14 291 267.13
247 1606.37 293 222.42
249 1554.48 295 181.33
251 1499.73 297 144.06
253 1442.37 299 110.80
255 1382.69 301 81.70
257 1320.98 303 56.91
259 1257.54 305 36.55
261 1192.68 307 20.71
263 1126.71 309 9.48
265 1059.96 311 2.91
267 992.75 313 1.03

Table B.5.: Table on the power adjustment through GLP orientation. The GLP angle
is the absolute value taken from the scale of the GLP mount. These values are calculated from
the fit parameters obtained from the measurements through the damaged central part of the
GLP.
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B.4. Measurement data on HOPG damage

GLP angle [°] Plaser [mW/cm2] uP [mW/cm2] polarizer angle [°] upol [°]
313 0.04 0.14 75.41 0.34
308 17.41 2.94 68.87 0.19
303 65.76 5.67 66.41 0.22
298 143.63 8.25 65.76 0.20
293 248.62 10.62 65.34 0.20
288 377.53 12.73 65.10 0.20
283 526.42 14.52 64.59 0.21
278 690.73 15.98 64.00 0.19
273 865.42 17.06 63.26 0.19
268 1045.17 17.78 61.66 0.19
263 1224.47 18.13 61.31 0.19
258 1397.83 18.15 61.93 0.18
253 1559.96 17.88 62.37 0.19
248 1705.89 17.40 63.18 0.21
243 1831.15 16.78 64.86 0.20
238 1931.92 16.13 65.01 0.20
233 2005.12 15.57 65.40 0.20
228 2048.50 15.20 65.56 0.20
223 2060.74 15.08 66.41 0.21

Table B.6.: The data on figure 6.25. The error values for the laser power are calculated
from the fit data in [Mur11] and an assumed 0.3◦ error for the GLP angle. The error on the
polarizer angle is calculated by the ellipsometry program.
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