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KURZFASSUNG

Die starke Verbreiterung von Lyman- und Balmerlinien in H oder H-Mischplasmen
ist ein weitverbreitetes und vielfach untersuchtes Phänomen in vielen verschiedenen
Plasmen, von stellaren bis hin zu Laborplasmen. In Laborplasmen werden sowohl
die Quelle der schnellen H Atome vor der Oberfläche als auch der Ursprung der
beobachteten Emission kontrovers diskutiert. A. V. Phelps schlägt ein "Schicht-
Kollisions" Model vor, in dem H+, H+

2 und H+
3 Ionen in der Schicht beschleunigt

und schnelle H Atome durch Ladungstransfer oder Dissoziation mit Gas oder der
metallischen Oberfläche erzeugt werden. Es gibt eine Vielzahl von Experimenten,
welche versuchen die Verbreiterung der Linien zu erklären. Die Community konnte
sich bisher jedoch nur darauf einigen, dass die Verbreiterung auf den Doppler Effekt
zurückzuführen ist. In diesem Bereich werden Experimente normalerweise bei hoher
Dichte durchgeführt (p ≥ 1 Pa). Dies macht es jedoch aus den folgenden Gründen
sehr kompliziert die dopplerverschobene Emission zu analysieren. Erstens führt die
hohe Dichte dazu, dass sowohl beschleunigte Ionen innerhalb der Schicht als auch
zurück gestreute schnelle Atome emittieren. Daraus folgt, dass das gemessene Signal
eine Superposition beider Effekte ist. Zweitens kommt es durch die Emission der
Ionen innerhalb der Schicht zu einer Stark-Verbreiterung der emittierten Linien, was
die Analyse der gemessenen Spektren noch schwieriger macht.
In dieser Arbeit werden zwei Hauptprobleme der dopplerverschobenen Emission von
schnellen Atomen untersucht. Zum einen, die Quelle der Emission der schnellen
Atome und ihre Eigenschaften und zum anderen die Anwendung der beobachteten
blau- und rotverschobenen Emission in der Physik von Niedrigdruck- und Niedrigtem-
peraturplasmen. Die hier vorgestellten Experimente wurden in der PSI-2 Anlage
in einem Niedrigdruckplasma (p < 0.05 Pa) durchgeführt. Die Messungen werden
bei niedriger Dichte durchgeführt, um Emission in der Schicht im Allgemeinen und
Emission von beschleunigten Ionen innerhalb der Schicht im Speziellen zu vermei-
den. In einem reinem Niedrigdruck-Wasserstoffplasma wird im Gegensatz zu Experi-
menten in Hochdruckplasmen nahezu keine dopplerverschobene Emission beobachtet.
Die Linienverbreiterung beginnt sich auszubilden, wenn Ar in das Plasma gemischt
wird. Durch Variation des Oberflächenmaterials und der an der Oberfläche an-
gelegten negativen Spannung konnten die Experimente beweisen, dass die Quelle
der dopplerverschobenen Emission nur zurückgestreute oder reflektierte Atome sind.
Diese Atome gehen aus der Ionen-Oberflächen Wechselwirkung hervor, was Emission
durch Ladungsaustauschwechselwirkung in der Schicht ausschließt. Des Weiteren



konnten weitere Messungen in dieser Arbeit beweisen, dass die rotverschobene Emis-
sion, erzeugt durch die gleichen Atome, nur durch Licht- oder Photonreflektion an der
Metalloberfläche hervorgerufen wird. Letztere Beobachtung hat zu der Entwicklung
einer neuen Doppler-Shifted Reflectance Measurement (DSRM) Diagnostik geführt,
mit welcher die spektrale Reflektion von Metalloberflächen während der Plasmaexpo-
sition in situ gemessen werden kann. Aber nicht nur die spektrale Reflektion, auch
die Polarisation der Emission durch Lichtreflektion und die Verschlechterung der
optischen Eigenschaften der Oberfläche werden das erste Mal während des Plasmabe-
triebs gemessen. Darüber hinaus werden erste Ergebnisse über die Reflektivität von
Rh Spiegeln bei hohen Temperaturen präsentiert, welche helfen können eine Charge
Exchange Recombination Spectroscopy (CXRS) Diagnostik an ITER aufzubauen.
Die Untersuchung der Emission von schnellen Atomen in anderen Edelgasen wie
He, Ne, Kr und Xe haben im Gegensatz zu bisherigen Annahmen und experi-
mentell bestimmten Wechselwirkungsquerschnitten, eine viel schwächere Emission
im Vergleich zu Ar gezeigt. Es wird bewiesen, dass die Anregungsquelle von H bei
der Wechselwirkung mit Ar bei den genutzten Bedingungen auf nur zwei mögliche
atomare Prozesse eingegrenzt werden kann: Grundzustandanregung oder Anregung
über metastabile Zustände von Ar. Letzteres wird mit einer Tunable Diode Laser
Absorption Spectroscopy (TDLAS) Diagnostik gemessen, welche an der PSI-2 Anlage
während dieser Arbeit installiert und getestet wurde. Die experimentellen Ergebnisse,
welche während dieser Arbeit erlangt worden sind, wie z.B. die absolute Konzentra-
tion und die räumliche Verteilung der metastabilen Atome oder die Gastemperatur
entlang der Plasmasäule, unterstützen die These der H Anregung durch metastabiles
Ar. Trotzdem sind noch weitere theoretische und experimentelle Untersuchungen
notwendig, um eine Lösung für dieses Problem zu finden. Anwendungen der DSRM
Diagnostik sind von der Quelle der Emission in Edelgasen jedoch nur geringfügig
abhängig.



ABSTRACT

The wide broadening of Lyman and Balmer lines in H or H mixed plasmas is a widely
observed and studied phenomena in many kinds of different plasmas, ranging from
stellar to laboratory plasmas. The source of the fast H atoms in front of the surface as
well as the origin of the observed emission in laboratory plasmas is under controversial
discussion. A. V. Phelps proposes a "sheath-collision" model in which H+, H+

2 and
H+

3 ions are accelerated in the sheath and create fast H atoms by charge transfer
or dissociation interaction with gas or the metallic surface. There are a number of
experiments trying to explain the broadening of the lines, but the community could
only agree on the fact that the broadening is caused by the Doppler effect. Usually
experiments in this field are performed in high pressure plasmas (p ≥ 1 Pa), but this
makes it very difficult to analyze the Doppler-shifted emission due to the following
reasons. On the one hand, the high pressure leads to emission of accelerated ions
and backscattered atoms which makes the detected signal a superposition of both
effects. On the other hand, the emission of ions inside the Debye sheath leads to a
Stark broadening of the emitted lines and makes the analysis of the emission spectra
complicated.
In this thesis the two main problems of the Doppler-shifted emission of the fast atoms
are investigated. First, the source of emission of the fast atoms and its properties
and second, the application of the observed blue and red-shifted emission in physics
of low density and low temperature plasmas. The experiments are performed in a low
density plasma (p < 0.05 Pa) at the PSI-2 device. The low density is used to avoid
emission by ions accelerated in the sheath and emission inside the sheath in general.
In a low density pure H plasma practically no Doppler-shifted emission is observed
in comparison to the high pressure experiments. The line broadening begins to arise
when Ar is mixed into the plasma. By varying the surface material and the applied
negative potential to the surface, the experiments have proven that the source of
the Doppler-shifted emission are only backscattered or reflected atoms created as a
result of ion-surface interaction which exclude emission caused by charge-exchange
in the sheath. Further studies presented in this thesis prove that the red-shifted
emission generated by the same atoms is only caused by light or photon reflection
at the metallic surface. The latter observation stimulated a development of a new
Doppler-Shifted Reflectance Measurement (DSRM) diagnostic which can measure
the spectral reflectance of the metallic surface in situ during the plasma exposition.
But not only the spectral reflectance, also the polarization by light reflection and



the degradation of the optical properties of the surface are measured for the first
time during plasma exposition. Furthermore, the first results on the reflectance of a
Rh mirror at high temperatures are presented, which can help to built-up a Charge
Exchange Recombination Spectroscopy (CXRS) diagnostic at ITER.
The study of emission of fast atoms in other noble gases such as He, Ne, Kr and
Xe demonstrated in contrast to the previous assumptions and the experimental
cross-sections a much weaker emission in comparison to Ar. It is shown that the
excitation source of H by collisions with Ar at the used conditions could be limited
to only two possible atomic processes: excitation by the ground state or excitation
transfer from the metastable state. The latter is measured using a Tunable Diode
Laser Absorption Spectroscopy (TDLAS) diagnostic installed and tested at the PSI-
2 device during this thesis. The experimental results obtained in this thesis, e.g. the
absolute concentration, the spatial distribution of the metastable atoms or the gas
temperature along the plasma column, support the theory of excitation transfer by
metastable Ar, though further theoretical and experimental studies are still required
to give an answer on this unsolved problem. Nonetheless further applications of the
DSRM diagnostic are weakly affected by the source of the observed emission in noble
gases.



CHAPTER 1

INTRODUCTION

Fast hydrogen atoms are present in many kinds of different plasmas like stellar
[CTW89] or planetary [AKA95] plasmas, radio frequency induced plasmas [BGC05],
glow discharges [Ada03], low temperature hollow cathode plasmas [ŠMK05] or finally
fusion plasmas [Hey96]. An extensive broadening of the Lyman or Balmer line series
remains one of the most sensitive and robust techniques to detect them. So for
instance, the measurements of the magnetic or electric field, electron density or the
fraction of high energetic ions are derived using the spectra of Balmer series.
Special interest represents the observation of fast atoms in the plasma sheath of low
temperature laboratory plasma. On the one hand, the emission of fast atoms is used
to determine the electric field in the plasma measuring the Stark effect [VKK96;
Rei17], but the fast atoms could also provide information on the plasma-surface
interaction. In spite of the considerable amount of experimental data, performed
mostly in the Grimm-type glow discharges [CKK05; COK09; COK11] at a pressure
of 100 Pa and higher, only a general agreement on the source of blue and red-shifted
signal exists, namely that the broadening of the emission is caused by the Doppler
effect. The controversial discussion on the possible atomic interactions and a model
describing the observed emission could be found in the literature [Phe05].
The “sheath-collisional” model of Phelps [Phe05] represents probably the most accu-
rate description of the emission of fast atoms in high density discharges. Here the H+,
H+

2 and H+
3 ions are accelerated in the sheath and produce fast H atoms in charge

transfer/dissociation collisions with the background gas [Phe05]. The second source
of fast backscattered or reflected atoms is generated at the surface by neutralization
of ions or molecular ions. As a result, the observed emission is always a superposition
of two kinds of signals generated by fast incident and backscattered or reflected atoms.
In the case of observation perpendicular to the cathode the red-shifted component
of the Doppler-shift could be explained by charge-exchange interaction of ions accel-
erated in the sheath towards the surface [Phe09; Phe11]. In contrast to that, the
blue-shifted signal is explained by the emission of the backscattered ones. If the
backscattered atoms emit inside the Debye sheath, the situation becomes even more
complex, because for these atoms Stark splitting needs to be taken into account as
well. Nevertheless, the number of observations could still not be explained in the
frame of this theory. In contrast to the expectation of the “beam-like” distribution of
“incident” atoms accelerated in the sheath the diffusive angular distribution or even
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broader one provided the much better agreement with the modeling of the red-shifted
signal. Until now the reason of such behavior could not be understood and thus more
accurate kinetics models are required. In fact the fast “incident” atoms frequently
demonstrate the broader angular distribution compared to the fast backscattered
atoms. On the other hand, the measured position of the maxima of emission of
Balmer lines in front of the surface or the spatial extension of emission could also not
be explained for the high density glow discharges. It seems that the measurements
of electric field in the sheath remains the only application of such observations even
after many decades of research.
In contrast to this, the accurate measurements of the emission in low density gas
discharges are quite seldom [BGC05]. According to the sheath-collisional model
only a strong source from the backscattered atoms is predicted: “Evidence for this
behavior is that the predicted, but unmeasured, axial Hα spectral profile is highly asym-
metric for cathode surfaces with a high efficiency of fast atom reflection” [Phe11].
Such behavior, however, was not observed in a few spectra measured in rf plasma
(p = 10 Pa) [BGC05]. Instead, the additional contribution of the light reflection
at the surface to the red-shifted signal was suggested here [BGC05]. In the first
studies with different cathode material this option was also seriously considered in
high density gas discharges [AKK04]. In the forthcoming works the contribution of
photon reflectance at the surface was considered of little [Ada03] or of no importance
[COK11]. As a result, this effect did not play any role in the consequent modeling
and reviews.
In gas discharges where the hydrogen is mixed with other noble gases the situation
becomes even more unclear. One expects the increase of observed emission and
at the same time a rapid transition between the ions and molecular ions. So for
instance, according to [Ada03], the amount of Ar on the order of 5− 10 % added to
the H plasma results in dramatic decrease of concentration of hydrogen in favor of
H+

3 molecular ions. It is not clear if such a behavior is of relevance for low density gas
discharges as well. Finally, Šišović et al. reported that the red-shifted emission can
be changed by varying the electric field of the experimental setup [ŠMK05]. All the
experiments mentioned above are carried out in high pressure plasmas (p > 100 Pa).
Obviously, the source of the fast atom emission and especially of the red-shifted
component caused by the Doppler broadening seems to be an open and unanswered
question since there are different explanations of the observed emission. The need
for new experimental data especially in low density plasmas are explained from dif-
ferent views. First of all, by suppressing the emission from incident atoms one has
a much better insight into the physics of backscattered atoms. Second, one obtains
an enhanced opportunity to test atomic models at the plasma edge neglecting the
kinetics of ions and molecular ions. From the experimental point of view the princi-
ple distinction between the previous and present study of emission is based on the
fact that the plasma discharge in our experiment is ignited independently on the
kinetic energy of the ions accelerated in the sheath. One has a unique possibility to
study the emission of fast atoms in the same plasma conditions for different kinetic
energies of the ions in the sheath. Finally, one studies the emission of fast atoms
in the energy range starting from a few eV till hundreds of eV covering the energy
range not achievable in Grimm-type discharges.
In this thesis two principle problems are investigated:

(a) What is the source of the emission of fast atoms and the broadening of the

2



CHAPTER 1. INTRODUCTION

Balmer lines and specially the origin of the red-shifted component in low density
gas discharges?

(b) Unique applications beside the measurement of the Stark effect based on the
analysis of Balmer-lines emission and testing of kinetic and atomic models.

The emission by fast atoms is investigated using optical emission spectroscopy (OES)
in the PSI-2 device [KF04; Kre15], which operates in a low pressure regime (p <
0.1 Pa). The low density gives rise to several advantages. First, no emission takes
place inside the Debye sheath which avoids the Stark splitting of the lines. Second,
the emission of incoming ions can be suppressed, thus the source of emission are
only backscattered atoms which makes the analysis of the spectrum quite simple.
For the measurements a H-Ar mixed plasma is used, since the presence of Ar in the
plasma enhances the Doppler-shifted emission [Ada03; ŠMK07]. Beside these two
main problems also the excitation process between H and Ar is addressed in this
thesis and the difference in emission among other noble gases.
The thesis is structured as follows:

• In Ch. 2 theoretical aspects of the fast atom creation and the detection of
these atoms are discussed. The topics are the Debye sheath at the plasma edge
and the distribution function of backscattered fast atoms. The hydrogen atom
and its radiation is covered as well.

• In Ch. 3 the PSI-2 device and the used target holders to expose the sample to
the plasma are presented and details on the used high-resolution spectrometer
are given.

• In Ch. 4 the experimental results on the plasma-surface interaction are given
and different areas of applications are presented. First, the plasma composition
is discussed to achieve a high Doppler-shifted signal, followed by the analysis of
the obtained signal. The dependence of the measured signal on different values
like the potential of the metallic surface and the material is shown. The time
and temperature dependence of the Doppler-shifted signal are investigated as
well. In the second part these measurements are used to present a completely
new diagnostic, which measures the spectral reflectance of the surface and also
polarization effects. Finally, a theoretical model is presented to describe not
only the passive Balmer component, but also the Doppler-shifted components
simultaneously.

• In Ch. 5 measurements of the TDLAS diagnostics are presented, which demon-
strate that in addition to excitation by Ar atoms in the ground state the
excited levels of H atoms could be excited by metastable Ar. The radial profile,
temperature and density of the metastable Ar are measured and the results
are shown in this chapter.

• In Ch. 6 a summary of the results obtained in this thesis and an outlook for
further research are given.
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CHAPTER 2

THEORETICAL ASPECTS OF FAST
ATOMS EMISSION AND THEIR

DETECTION

In this chapter theoretical aspects about the creation of fast atoms at metallic surfaces
and their detection in the plasma are discussed. Sec. 2.1 focuses on the acceleration
of ions in the Debye sheath as a source of fast neutral atoms. The distribution
function of the backscattered atoms are discussed in Sec. 2.2 and how the Doppler
effect can be used to detect the emission by fast atoms (Sec. 2.3). To understand
the emission of the H atom in the plasma the line radiation principles (Sec. 2.4),
the fine structure of hydrogen (Sec. 2.5) and the different broadening mechanisms
in the plasma (Sec: 2.7) are explained.

2.1 Langmuir-Debye-Sheath as a Source of Fast
Atoms

A natural source of fast atoms in a laboratory plasma are accelerated ions in the
Debye sheath which are backscattered as fast neutral atoms at a metallic surface.
The Debye sheath is established, between the plasma and its bounding surface, which
could also be a mirror in the gas discharge and is schematically depicted in Fig. 2.1.
Because the electrons are more flexible than the ions they are able to leave the
plasma at the edge and produce a negative charge at the surface. Assuming that
the electron flux is equal the ion flux Γe = Γi and that the metallic surface is not
grounded, the so-called floating potential Usf can be calculated to [Sta00]:

Usf = −kBTe
e

ln

[(
mi

2πme

)(
1 +

Ti
Te

)]1/2
, (2.1)

where e is the elementary charge, kB is the Boltzmann constant, Te is the electron
temperature, Ti is the ion temperature, me is the electron mass and mi is the ion
mass. The total potential, which accelerates the ions can be calculated to:

Utot = Us − Up , (2.2)
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CHAPTER 2. THEORETICAL ASPECTS OF FAST ATOMS EMISSION AND THEIR
DETECTION

U

U

x

Surface
A
Z+

Afast

p

Us

Fig. 2.1: Schematic of the potential drop in the Debye sheath. The plasma potential
is donated with Up, the surface potential with Us. In the sheath positive charged ions
AZ+ are accelerated, neutralized at the surface and backscattered as fast atoms Afast.

where Up is the plasma potential and Us is the surface potential. The total potential
is negative (|Usf | > |Up|) so that electrons are slowed down and ions are accelerated
in the sheath. If no external potential is applied to the surface, the surface potential
is equal the floating potential Us = Usf . If a negative potential is applied, the
shape of sheath changes and the thickness s can be expressed by the Child-Langmuir
equation [Ben09]:

s =

√
2

3
λD

(
2eUT
kBTe

) 3
4

, (2.3)

where UT is the applied potential to the surface and λD =
√
ε0kBTe/e2ne is the

Debye length, where ε0 is the dielectric constant and ne is the electron density. The
dependency between the sheath thickness and the applied potential to the surface
(Eq. 2.3) can be used to change the energy of the ions, which are accelerated in the
Debye sheath. Note that if more than one ion species is present in the plasma, the
calculation of the sheath becomes much more complicated because each ion species
has a different Bohm velocity and a different mobility in the plasma [LL05]. More
information about the sheath and the interaction between plasma and surfaces can
be found in the following books [Sta00; Hut02; LL05; Kau13].

2.2 Distribution Functions of the Backscattered
Atoms

After the ions are accelerated in the direction of the surface they are interacting with
the surface. This interaction is very important for different applications, e.g. in fusion
plasmas [Doi18; MS79; BGC05] or plasma etching [Fra09]. One kind of interaction
is the surface neutralization of ions at the surface. These reflected particles are the
source of the fast H atoms in this thesis. In Fig. 2.2 the main channels for the fast
atom production are shown. The H+, H+

2 and H+
3 ions are accelerated in the sheath

towards the surface (as explained in the section before). At the surface the ions
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2.2. DISTRIBUTION FUNCTIONS OF THE BACKSCATTERED ATOMS

H+
H+2 H+3H H H H HH

Surface

Fig. 2.2: Schematic of the different channels for fast H atom production at the
surface with different types of accelerated ions.

are neutralized by Auger or resonance neutralization [Hag54] and scattered back as
fast neutral atoms. The H+

2 and H+
3 ions are also neutralized by Auger or resonance

neutralization at the surface, but afterwards they dissociate into single H atoms.
However, the neutralization process is equal for all three kinds of H ions, but the
energy of the reflected fast neutrals is different. The kinetic energy of H created out
of H+ can be calculated to Ekin,H+ = eUtot − Eint, where Eint is the energy the ion
loses because of the surface interaction (this will be discussed later). For H+

2 it is
Ekin,H+

2
. 1

2
Ekin,H+ and Ekin,H+

3
. 1

3
Ekin,H+ , respectively. Note, that H+ or H− ions

are created at the surface as well, but their contribution at energies around 100 eV
is small and is therefore neglected [Ver75].
After the backscattering process the fast atoms have a certain angular and energy
distribution which is already described in literature [EB85; Xia91; Phe09]. There are
also codes available which can calculate the distribution functions for backscattered
particles, e.g. by the Monte-Carlo code TRIM [Eck91]. In the TRIM code the
following basic assumptions are made: The collisional process of ion and surface is
described by a binary collision and the target surface is assumed to be an amorphous
structure. For the interatomic potential the "krypton-carbon potential" is used, to
be able to compare the data sets with older calculations [EB86]. This backscattering
process is a totally inelastic process in the first approximation and can therefore be
described as a binary collision between two masses [AFM07]:

Em
E0

=

[
(M2 −m2 sin2(θ0))

1/2 −m cos(θ0)

M +m

]2
, (2.4)

where Em is the maximal energy of the backscattered atom, E0 is the energy of
the incident ion, M is the mass of the sample, m is the mass of the incident ion
and θ0 is the angle of observation. For an incident energy of E0 = 100 eV and an
observation angle of θ0 = 35° the maximum energy Em for the backscattered atoms
will be e.g. Em,W = 98.03 eV for H → W , Em,Fe = 93.64 eV for H → Fe and
Em,C = 73.63 eV for H → C. The TRIM code is used to calculate the distribution
function of backscattered particles for different particle and target combinations.
Also the particle and energy reflection coefficient for different line-of-sights can be
calculated. On the basis of the TRIM code and other codes Xia et al have developed
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a universal formula to describe the energy distribution of reflected particles [Xia91]:

G(E) = A

[(
C +D

(
E

E0

)2
)(

B − E

E0

)
+ exp

(
−

( E
E0
−B)2

2σ2

)]
, (2.5)

where A,B,C,D and σ are fitting parameters, which are different for each projectile-
target system, incident energies and angle of incidence, E is the energy of the
backscattered particle and E0 is the energy of the incoming ion. Solutions for
different ion-target system like He-Cu, H-Cu or He-Ni can be found in [Xia91]. The
angular distribution function is described by a power of cosine distribution function
[EB83; EB85; Phe09]:

G(θ) =
1 + b

2π
cos(θ)b , (2.6)

where b is a positive value and θ is the azimuthal angle. Theoretical calculation
for the angular distribution are available for the whole energy range from eV to
keV. Beside the theoretical calculation of the distribution function of backscattered
particles also experimental data are available, but in 1979 Eckstein summarizes that
up to now "Experimental data are available for energies above 1 keV only" [EV79].
Indeed, only a few experiments measuring the energy distribution function of fast
atoms for energies below 1 keV, e.g. [HST73] (600 eV) or [BGC05] (50 eV - 400 eV)
using energy resolved mass spectroscopy. The difficulty at low energies are the lack
of corresponding experimental methods and the fact that the distribution function
crucially depends on the topography of the surface [HST73]. Thus, there is a need
for experimental data for energies below 200 eV.
Beside ion neutralization at the sheath also other kinds of interaction between plasma
and surface are possible, like scattering of neutral atoms [EMV76; EB85; Eck09], ions
reflected back as ions [Her03], neutrals backscattered as ions [BEV80] and sputtering
process [Tho68; Sig69; Eck02; Eck07]. Scattering of neutrals is not treaded in this
thesis, because the neutrals are not accelerated in the sheath and thus create no fast
atoms in the plasma. Ions backscattered as ions are also neglected because the ions
survival probability is usually very low (< 1 % [Her03]). Sputtering process are of
importance for the creation of fast atoms, because they can lead to a change of the
surface morphology, which can affect the particle reflection coefficient [EV79; HST73].
In comparison to backscattered particles, for sputtered particles a closed analytical
formula exists to describe their distribution function. For the energy distribution of
sputtered particles the Thompson formula is used [Tho68; Sig69; DM08]:

f(E)dE ∝ E

(E + Es)3
dE , (2.7)

where E is the energy of the incoming particle and Es is the surface binding energy.
In this thesis the assumption is made that energy and angular distribution function
can be separated from each other G(E, θ) = G1(θ) ∗G2(x = E/E0). For the angular
distribution a power cosine distribution is used (Eq. 2.6). For the energy distribution
a more simpler function (Eq. 2.8) is used to approximate the TRIM data, because
at the used experimental setup the ions are always incoming perpendicular to the
surface.

f(x) = A
1− x

(2− x0 − x)β
, (2.8)
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Fig. 2.3: TRIM calculations made by D. Reiter for H on W with an energy of
E0 = 120 eV. The data is fitted using the function f(x) = A(1− x)/((2− x0 − x)β),
with A = 1.02× 104 , x0 = 0.91, β = 2.57 and x = E/E0.

where x = E/E0 ≤ 1 is the normalized energy, β is the width and x0 the maximal
energy of the atoms. The energy E0 = E0(Ei,m,M) is the maximal energy of the
backscattered atoms with mass m1 after the binary collision with the target mass
m2. The energy Ei ≈ eUi is the energy of the accelerated ions under the surface
potential Ui. Eq. 2.8 approximates the TRIM calculations made by D. Reiter. In
Fig. 2.3 TRIM calculations for H on W are shown. The incident energy of the H
atoms was set to Ei = 120 eV. The x-axis of Fig. 2.3 is normalized to this incident
energy. The TRIM code produces nonphysically values close to the incident energy,
where the distribution of the particles drops down to zero. Therefore, these points
are excluded for the fit of the TRIM data. For fitting the function Eq. 2.8 is used,
but additionally multiplied with an amplitude factor A for matching the height of
the distribution function. The result of the fit is A = 1.02 × 104 , x0 = 0.91 and
β = 2.57. As can be found in Fig. 2.3 the TRIM data is very well described by the
used fitting function.
In Fig. 2.4 the total distribution function of the incoming ions and the backscattered
atoms are shown schematically. Important to note is that the maximum energy of
the incoming ions have to be higher than the maximum energy of the backscattered
atoms due to the binary collision with the surface. In this thesis the distribution
function of the backscattered atoms is used to model the experimental obtained
emission spectra of the fast atoms.

2.3 The Doppler Effect

The Doppler effect was discovered by Christian Doppler in 1842 [Dop42]. The Doppler
effect describes how the frequency or the wavelength of an observed wave is changing,
if the velocity difference between observer and wave source is unequal to zero Δv 	= 0.
If the observer is at rest and the wave source is moving in the observation direction
each wave crest is emitted from a position closer to the observer. As a consequence,
the wave is bunched together for the observer and the observed frequency increases
and the wavelength decreases (blue-shift). If the wave source is moving away from
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Fig. 2.4: The distribution functions of the incoming ions and the backscattered atoms
are shown schematically. Note that both distribution functions differs from each other
because of the backscattering process.

the observer, each wave crest is emitted from a position further away from the
observer. The observed wave is extended, the measured frequency decreases and the
wavelength increases (red-shifted). This can be expressed by Eq. 2.9:

λd = λ0

(
1 +

∆v

c

)
⇔ ∆λ

λ0
=

∆v

c
, (2.9)

where λd is the detected wavelength, λ0 is the unshifted wavelength, ∆v is the
difference in velocity of observer and wave source, c is the speed of light and ∆λ =
λd − λ0 is the difference between shifted and unshifted wavelength. Eq. 2.9 shows
that the Doppler effect increases with increasing velocity difference ∆v.
The Doppler effect can be used to distinguish between the emission of the fast
atoms and the background emission, because the kinetic energy of the fast atoms is
much higher compared to other particles in the plasma. In Fig. 2.5 a scheme of the
expected emission profile of the fast H atoms is shown. The angle of observation θ0 is
measured from the surface normal. If an observation angle θ0 = 90◦ is considered, the
line-of-sight (LOS) is parallel to the surface. In this case, the LOS looks symmetric
through the hemisphere of scattered particles, therefore a symmetrical emission profile
between blue and red-shifted emission is expected. If the LOS is at angles different
from 90◦ an unsymmetrical emission profile is expected. This emission profile needs
to be more tilted to smaller wavelength (blue-shifted component). Assuming photon
reflection at the surface also a red-shifted emission profile should be observable,
where the intensity of the emission profile is defined as:

Ir = R · Ib , (2.10)

where Ib is the intensity of the blue-shifted emission, R is the spectral reflectance of
the target surface and Ir is the intensity of the red-shifted emission. To conclude, in
case of a symmetrical emission profile, the integrated emission of the fast atoms is
measured in case of an unsymmetrical emission profile one could potentially deduce
optical properties of the surface.
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Fig. 2.5: The emission profiles for two exemplary line-of-sights are schematically
shown. For a line-of-sight parallel to the surface a symmetrical emission profile is
expected. For every other angle the emission profile is expected to be unsymmetrical
with regard to the unshifted wavelength.

2.4 Line Radiation

Line radiation is usually detected by optical emission spectroscopy (OES). In general
OES is a very powerful tool in plasma physics, because plasma parameters like ion
temperature Ti, ion density ni, electron temperature Te and electron density ne
can be obtained without disturbing the plasma. To obtain these parameters, the
radiation emitted by atoms or ions is detected and analyzed. In the following, only
the theoretical aspects of OES relevant for the high-resolution spectroscopy of low
density laboratory plasmas will be exemplified. For more detailed information about
OES I refer to the following books [Coo66; BS77; Gri97; Kun09].
In this thesis the emission of Balmer lines of H atoms is analyzed which will be
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Fig. 2.6: (a) Energy scheme of the hydrogen atoms for the first five quantum numbers
n = 1...5. (b) Scheme of the fine splitting structure and the possible transitions of
the hydrogen atom at the Hα line.
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discussed in more detail in the following. The Balmer lines belong to the line
emission and the energy of the photon can be calculated using the energy of the
upper or initial state Eni and the lower or final state Enf using the following formula:

∆Eni→nf = hνni→nf = Eni − Enf , (2.11)

where h is the Planck constant and νni→nf is the frequency of the emitted photon.
For H (Z = 1) and H-like ions the Schrödinger equation can be solved analytically
and the energy difference ∆Eni→nf is described by the Rydberg formula 2.12 [BS77]:

∆Eni→nf = Z2R

(
1

n2
f

− 1

n2
i

)
, (2.12)

where Z is the atomic number and R is the Rydberg constant for the specific element.
The Rydberg constant is calculated using equation 2.13:

R =
R∞

1 + me
M

, (2.13)

where me is the electron mass, M is the nuclear mass of the specific element and
R∞ is the Rydberg constant for infinity nuclear mass, with R∞ = 10 973 731.57 m−1.
One special transition series of the H atom is the so called Balmer series named,
after Johann Jacob Balmer, who has described in 1885 a mathematical expression
to calculate the wavelength of different hydrogen lines in a spectrum [Bal85]. The
Balmer series includes transitions with ni > 2 to nf = 2, where n is the principal
quantum number. The Hα, Hβ and Hγ were routinely measured in PSI-2 but due to
the efficiency of the optical system the majority of the results are presented for the
Hα line.

2.5 Fine Structure of Hydrogen
Solving the Schrödinger equation of the hydrogen atom for the radial and spherical
coordinates of the wave function one can define the principal quantum number n,
the azimuthal quantum number l and the magnetic quantum number m. Using these
quantum numbers, the observation of the Balmer series can be explained (see Sec.
2.4). By using a spectrometer with a high resolution by the order of a few pm or
less one observe that the spectral line of the transition from n = 3 to n = 2 is not a
single line, but consists at least of seven lines. This substructure of the spectral line
is called the fine structure and three corrections need to be made to the standard
model [Dem10]:

1. A relativistic increase of the electron mass caused by its movement in the
coulomb field which leads to a change of the kinetic energy of the electron.

2. A smearing of the electron charge over the volume λ3c = (~/mec)
3, with the

Compton wavelength λc which leads to a change of the potential energy of the
electron.

3. Interaction between the angular momentum and the spin of the electron (ls-
coupling) which leads to a separation of the energy levels.
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To calculate the relativistic mass increase the energy of the electron

E =
p2

2me

+ Epot (2.14)

needs to be exchanged with the relativistic term of the kinetic energy

E = c
√
m2

0c
2 + p2 −m0c

2 + Epot . (2.15)

The energy correction term can then be calculated to

En,l = −Ry
Z2

n2

[
1− α2Z2

n2

(
3

4
− n

l + 1/2

)]
, (2.16)

with the fine structure constant α = 1
4πε0

e2

~c [Dem10]. The ratio of the relativistic
energy correction δEr and the standard energy En scales with ∆Er/En ≈ α2

n2 which
makes it a very small correction to the energy scheme of the H atom and becomes
largest for the ground state (n = 1).
The second correction is caused by the uncertainty principle that the position of the
electron can only be determined up to the Compton wavelength λ3c = (~/mec)

3. The
calculation leads to the Darwin Term ∆ED [Dem10]:

∆ED =
Ze2~2

ε0m2
ec

2
|Ψ(0)|2 = 4Z2mec

2α4 , (2.17)

where Ψ(0) is the wave function of the electron at the origin r = 0. Because only the
s - wave function is not zero in the origin, the 1s - wave function is put into Eq. 2.17.
Calculating again the ratio of the energy correction ∆ED and unchanged energy En
one gets ∆ED/En = 8Z2n2α2, which is ≈ α2 for (Z = 1, n = 1).
The ls-coupling cannot be explained by the simple Schrödinger theory, because no
other interaction than the coulomb interaction between nucleus and electron is taken
into account. Instead, the fine structure can be understood as a Zeeman splitting
due to the interaction of the electron spin with the magnetic field created by the
movement of the electron on its orbit [Dem10]. Looking at the energy diagram in
Fig. 2.6 (b) one can see that the energy levels with l ≥ 1 are splitting into two
energy levels with an energy difference in the range of µeV. Because this difference
is so small the substructure is called fine structure. The different energy levels can
be calculated using equation 2.18:

En,m,l = En − µs ·Bl

= En +
µ0Ze

2

8πm2
er

3
(s · l) ,

(2.18)

where µs is the magnetic moment of the spin, Bl is the magnetic field due to the
movement of the electron, µ0 is the vacuum permeability, Z is the atomic number,
me is the electron mass, s is the vector of the spin and l is the vector of the electron
momentum. The total momentum j can be defined as:

j = l + s with |j| =
√
j(j + 1)~ (2.19)
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Using the total angular momentum the scalar product (s · l) can be calculated to:

s · l =
1

2
[j2 − l2 − s2]

=
1

2
~2[j(j + 1)− l(l + 1)− s(s+ 1)] .

(2.20)

With Eq. 2.20 the formula for the energy splitting can be expressed with the following
equation:

En,l,s,j = En +
a

2
[j(j + 1)− l(l + 1)− s(s+ 1)] , (2.21)

with the spin-orbit coupling constant

a =
µ0Ze

2~2

8πm2
er

3
. (2.22)

More information about the fine structure can be found in [Dem10] or [BS77].
Beside the fine structure also the Lamb shift needs to be taken into account if the
resolution of the spectrometer is high enough. Accurate measurements of the fine-
structure of H are made by Willis Lamb and Robert Retherford in 1947 [LR47] using
microwave measurements. For the two levels 2S1/2 and 2P1/2 an energy difference
of ≈ 1000 MHz was found, in disagreement with the Dirac theory. This shift is
called Lamb shift and modern high precision measurements determine the difference
between 2S1/2 and 2P1/2 in H to ≈ 1057.8450 MHz [Bea00] and for the ground
state 1S1/2 to ≈ 8172.86 MHz [Wei94; Bea00]. The Lamb shift is the result of the
interaction between vacuum fluctuations and the electron of the hydrogen atom.
This interaction results in the emission and absorption of virtual photons which
leads to a small shift δr of the energy terms by

〈Epot〉 = − Ze
2

4πε0
〈 1

r + δr
〉 . (2.23)

The lamb shift can also be calculated theoretically as can be found in [BS77]. The
lamb shift for s-states for example can be calculated using Eq. 2.24 :

∆E(n, 0) =
8Z4

n3

α3

3π
Ry

[
2 log

(
1

Zα

)
+ log

(
Z2Ry

K0(n, 0)

)
+

19

30

]
(2.24)

where Z is the atomic number, n is the principal quantum number, Ry is the
Rydberg energy and log

(
Z2Ry
K0(n,0)

)
is the Bethe logarithm and the value K0(n, 0) can

be calculated numerically. The Lamb shift scales with Z4n−3 and thus increases with
higher atomic number and smaller principal quantum number n. Compared to the
other corrections made, the Lamb shift scales with α3, which is a factor of ≈ 10−3

smaller than the other corrections. For the 2P1/2 state of hydrogen the Lamb shift
is 4.37× 10−6 eV, but the fine splitting of the state is 1.81× 10−4 eV which makes
the Lamb shift negligible compared to the fine splitting.

2.6 Zeeman Effect
In the PSI-2 device a magnetic field is used to confine the plasma. All the radiation
models mentioned above do not include an external magnetic field. If an atom is
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2.6. ZEEMAN EFFECT

brought into a magnetic field, the Zeeman effect is observed. The Zeeman effect was
first observed in 1897 by Pieter Zeeman [Zee97a; Zee97b; Zee97c].
If a H atom is brought into a magnetic field, two kinds of Zeeman effects can be
observed - the normal and the anomalous Zeeman effect [Dem10]. The normal Zeeman
effect does not include the electron spin, which makes the anomalous Zeeman effect
the more common one. In the semi-classical model the electron moves in circular
orbits around the core, but the angular momentum is quantized to |l| =

√
l(l + 1)~.

The circular motion of the electron induces a current and thus a magnetic moment
which is described by Eq. 2.25:

pm = I ·A = I · πr2n̂ = −evr/2n̂ , (2.25)

where A = πr2n̂ is the enclosed area of the electron motion, r is the electron radius
and n̂ is the normal vector perpendicular to the enclosed area, e is the electron charge
and v is the electron velocity. Taking the angular moment l = r × p = rmevn̂ into
account, the magnetic moment can be written as:

pm = µl = − e

2me

l = −µB
~
l , (2.26)

where me is the electron mass and µB = (e~)/(2me) is the Bohr magneton. The
potential energy Epot in an external magnetic field B is Epot = −pm ·B. Considering
the magnetic field in z direction to be B = {0, 0, Bz} the scalar product between
magnetic moment and magnetic field is calculated to:

Epot =
e~

2me

mB = µBmB , (2.27)

using lz = m~, where m is the magnetic quantum number with −l ≤ m ≤ l. Eq.
2.27 shows that the former 2l + 1 degenerated energy levels split up in an external
magnetic field B with equidistant distance between two Zeeman levels of ∆E = µB.
This energy splitting is called the normal Zeeman effect.
The energy splitting results in a change of the emission and absorption profile of the
atoms. Assuming σ+ polarized photons a magnetic field B = {0, 0, Bz} will result in
an alignment of the photon spin to a value of +~. If these photons are absorbed in
the atom this will result in a change of the z component of the angular momentum
by ∆lz = +~ and thus transitions with ∆m = m2 − m1 = +1 will be observed.
σ− polarized light will induce transitions with ∆m = −1. The same counts for the
emission: If emitted light is observed in direction parallel to the magnetic field σ+

and σ− polarized light will be observed. If the emission is observed perpendicular to
the magnetic field three linear polarized components will be observed: One unshifted
vector with E parallel to B and two shifted components with E ⊥ B [Dem10].
The Zeeman splitting described above is only valid for states with total spin mo-
mentum S =

∑
si = 0. If the electron spin s is taken into account, the emission

spectrum becomes more complicated. Assuming the external magnetic field to be
smaller than the magnetic field induced by the circular movement of the electron the
Zeeman splitting is smaller than the fine structure splitting. As a consequence, the
total angular momentum j = l + s with the absolute value |j| =

√
j(j + 1)~ stays

constant in the external magnetic field. But the total magnetic moment µj = µl+µs
changes due to torsional moment induced by the magnetic field.

D = µj ×B , (2.28)
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with the component jz = mj~ with values −j ≤ mj ≤ j. As a consequence, the
magnetic moment µj and the total angular moment j are not parallel anymore.
Using the values for the angular momentum µl = −µB/~l and for the spin moment
µs = −gsµB/~s (with gs ≈ 2) the total magnetic moment can be calculated to:

µj = − e

2me

(l + gss) (2.29)

The magnetic moment µj processes around the direction of j. To calculate the
energy splitting of the states the time average of the magnetic moment needs to be
calculated (Eq. 2.30):

〈µj〉 = gjµB · |j|/~ , (2.30)

with the Landé factor gj:

gj = 1 +
j(j + 1) + s(s+ 1)− l(l + 1)

2j(j + 1)
. (2.31)

Taking the thoughts from above into account and assuming a magnetic field in z
direction B = {0, 0, Bz} the z component of the magnetic moment can be calculated
to:

〈µj〉z = −mj · gj · µB (2.32)

and the additional energy in the magnetic field is

Emj = −〈µj〉z ·Bz . (2.33)

As can be seen in Eqs. 2.30 and 2.31 the Zeeman energy splitting depends on the
quantum numbers l and s thus each of the degenerated 2l+1 states splits up different
for each combination of the quantum numbers in comparison to the equidistant three
levels described by the normal Zeeman effect. Thus, the anomalous Zeeman effect is
much more complicated than the normal one [Dem10]. The Landé factor can only be
calculated by Eq. 2.31 for ls-coupling. If the ls-coupling is not the dominant term,
the calculation of the Landé factor becomes more complicated and can be looked up
for example in the NIST database [Kra18]. Note that the role of the Zeeman effect
for the emission spectra is different for different species of atoms in the magnetized
plasma. For the 2P1/2 state of hydrogen the zeeman splitting is 3.85× 10−6 eV at a
magnetic field of 0.1 T and can be neglected compared to the fine structure splitting
which is 1.81× 10−4 eV. For the emission of other gases, e.g. for Ar this is not the
case and the Zeeman splitting needs to be taken into account (as can be seen in Sec.
5).
To analyze a Zeeman splitted spectrum also the relative components of the separated
Zeeman components need to be known. The relative intensities can be calculated
using the Wigner 3-j symbols (Eq. 2.34), assuming that all sublevels are equally
populated [Cow81].

I ∝
(

j1 1 j2
−m1 m1 −m2 m2

)2

, (2.34)

where j1 is the quantum number of the upper and j2 of the lower level and m1 and
m2 are the corresponding magnetic quantum numbers.
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2.7. BROADENING MECHANISMS

2.7 Broadening Mechanisms

In a low density laboratory plasma only two line broadening mechanisms are of im-
portance, the natural line broadening and the Doppler broadening. The instrumental
broadening of the spectrometer will be discussed later in in Sec. 3.3.1.

2.7.1 Natural Broadening

The natural line broadening is caused by the finite lifetime of an excite state. The
energy of excited states is smeared out due to the Heisenberg uncertainty principle
[Hut02]:

∆E∆t ≈ ~⇒ ∆E ≈ h/2πτ , (2.35)

where τ is the lifetime and depends on the Einstein transition probabilities of the
upper and lower states:

2

τ
=
∑
j

Anij +
∑
j

Anf j (2.36)

The shape of the broadening is described by a Lorentzian function [Hut02]

I(λ) = I(λ0)
1

1 +
[(

c
λ
− c

λ0

)
2πτ

]2 , (2.37)

where λ0 is the center wavelength of the center line. The Lorentzian profile is
normalized to one. ∫

L(λ)dλ = 1 (2.38)

The full width at half maximum (FWHM) is ∆λL1/2 = λ2/πcτ . The natural line
width is very small compared to the other broadening mechanisms, but nevertheless
it is included in the line analysis of the spectral lines in this thesis, due to the high
resolution of the spectrometer.

2.7.2 Doppler Broadening

The second important broadening mechanism is the Doppler broadening. Due to the
motion of the atom the frequency of the emitted radiation is effected by the Doppler
effect (a detailed description of the Doppler effect can be found in Sec. 2.3). The
emission profile is described by a Gaussian function:

G(λ) =
1

β
√
π

exp

(
−(λ− λ0)2

β2

)
, (2.39)

where β = 2kTiλ
2
0/Mc2, k is the Boltzmann constant, Ti is the ion temperature, λ0

is the wavelength at the line center, M is the ion mass and c is the speed of light in
vacuum [Coo66]. The Gaussian profile is normalized to one (2.40) and the FWHM
of the Gaussian function ∆λG1/2 can be calculated using formula 2.41 [Kun09].∫

G(λ)dλ = 1 (2.40)
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λG1/2 = λ0

√
8 ln(2)

kTi
Mc2

(2.41)

Using the FWHM of the Doppler broadening the ion temperature Ti can be calculated.
Note that Ti has not to be the same as the electron temperature Te. The reason is
that the momentum transfer cross sections are small for particles with very different
masses [Coo66].

2.7.3 Stark Broadening

A third broadening mechanism is the Stark broadening. Here the spectral line is
broadened due to the interaction of the transition electron with other charge particles
in the plasma (electrons or ions) via the Coulomb interaction. The Hamiltonian of
the interaction can be described the following [Kun09]:

∆H = −erE(t) , (2.42)

where Q = −er is the dipole momentum operator of the emitting bound electron and
E(t) is the electric field of the plasma at the position of the radiator. The electric
field strength is given by [Kun09]

E(t) =
1

4πε0

(∑
i

zie
ri(t)

[ri(t)]3
−
∑
j

e
rj(t)

[rj(t)]3

)
, (2.43)

where ri(t) and rj(t) are the positions of the ions and electrons in the plasma and
zi is the charge state of the ions. Higher terms in the Hamiltonian can be normally
neglected [Kun09]. This interaction Hamiltonian ∆H is put in the time-dependent
Schrödinger equation and has to be solved. This shows very clearly that there is no
general formula for describing the Stark broadening, the Schrödinger equation has to
be solved for every single situation separately. Nevertheless, there are approximations,
which can be used to calculate the order of magnitude of the Stark broadening. For
example for the Hα line, the Stark broadening can be calculated with Eq. 2.44 in a
range of the electron density ne between 1× 1023 m−3 − 1× 1025 m−3 [Kun09].

∆λ1/2[nm] ≈ 2.8× 10−17
(
ne[m−3]

)0.72 (2.44)

Using this formula for a typical density of the PSI-2 device of 1× 1017 m−3 ∆λ1/2 ≈
5× 10−5 nm = 5× 10−4 pm is achieved. It is much smaller than the Doppler broad-
ening under the used experimental conditions and can therefore be neglected in the
analysis of the measurements.
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CHAPTER 3

EXPERIMENTAL SETUP

In this chapter the plasma source and the experimental setup to detect the fast
atoms are discussed. First, the PSI-2 device (Sec. 3.1), the optical setup and the
different target holders at PSI-2 are presented (Sec. 3.2). In Sec. 3.3 the different
diagnostic at PSI-2 are discussed with focus on the optical emission spectroscopy
(OES).

3.1 The PSI-2 Device

The experiments in this thesis are performed at the linear plasma device PSI-2 in
Jülich, Germany. A cross section of the PSI-2 device with annotations describing the
different parts of the machine is shown in Fig. 3.1. PSI-2 was designed to provide a
steady-state cylindrical plasma with similar conditions like the edge plasma in future
fusion rectors. The device is used for fuel retention [Rei15] and plasma-material
interaction studies [Kre15]. The plasma is created by an arc discharge between a
cathode and an anode. The cathode, made of LaB6, is set on a negative potential
and heated up to a temperature of around 1600 ◦C. LaB6 is a common used electron
source because of its very low work function of around 2.7 eV [AB72]. The electrons
emitted by the cathode are accelerated towards a hollow Mo anode which is set to
the ground potential [Kre15]. To confine the plasma, six magnets are used with
a maximum magnetic field of around 0.1 T [Kre15]. The diameter of the plasma
column is approximately 10 cm. The common used gases in the PSI-2 device are
hydrogen (H) and deuterium (D), but also other gases, such as argon (Ar), kyrpton
(Kr), xenon (Xe) or nitrogen (N) are frequently used for plasma-surface interaction
studies. In this thesis H, D, Ar and Kr are mainly used. Moreover, it is possible to
adjust a mixture of different gases for plasma production. The overall length of the
device including the axial manipulator is around 6 m, the exposition chamber has
a length of around 2 m. Due to the hollow cylindrical profile of cathode and anode,
the plasma has a hollow profile in temperature and density [Kre15], which can be
seen in the Langmuir probe measurement in Fig. 3.2. Typical plasma parameters
are provided in Tab. 3.1. The sample is observed at two different observation ports,
namely at the 35° port and the side observation port, corresponding to 90°. To bring
the sample into the plasma, two manipulators can be used, the radial and the axial
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Fig. 3.1: Cross section of the PSI-2 device (with courtesy of A. Terra, FzJ). The
annotations are added by the author.
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Fig. 3.2: Langmuir probe measurement of a H plasma with a gas flux of 95 sccm. In
(a) the electron density ne, in (b) the electron temperature Te and in (c) the plasma
potential Up are depicted. Note, a negative radius means that the langmuir probe is
moving into the plasma, a positive means the probe is moving out of the plasma.

Magnetic field in exposition chamber 0.1T
Arc current ≤ 1000A
Arc voltage ≤ 150V

Electron temperature Te 1− 25 eV for D, up to 40 eV for He
Ion temperature Ti 0.5− 5 eV
Electron density ne ≈ 1010 − 1013cm−3

Incident ion energy 1− 300 eV

Table 3.1: Typical plasma parameters of the PSI-2 device taken from [Kre15].
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Fig. 3.3: 3D model of the side manipulator. Both models are created and rendered
using the software Blender 3D [Ble18].

manipulator (see Fig. 3.1). In Sec. 4 it is always mentioned which manipulator is
used for the specific measurement. The samples in the experiments are brought into
the plasma at the maximum of the hollow profile at ≈ 2.5 cm in y direction and
≈ 1.5 m away from the anode in x direction. Both manipulators have advantages
and disadvantages and will be explained in more detail in Sec. 3.2. The diagnostics
used at the PSI-2 device are described in Sec. 3.3. For more detailed information
about PSI-2 I refer to the papers [Kre15] and [KF04].

3.2 Manipulator at PSI-2

In this thesis metallic targets are used to create fast atoms. The targets have a size
of around 1× 1 cm, with a small pin at the bottom to mount the sample onto the
holder (as shown in Fig. 3.3 or Fig. 3.4). The advantage of a small metallic samples
is that surface potential, material and the area in which fast atoms can be created
are well known. The sample holders are also called manipulators, because they are
movable and the sample can be brought in and out of the plasma during operation.

3.2.1 Radial Manipulator

The radial manipulator (also called side manipulator) is located in a distance of
approximately 1.5 m from the plasma source (Fig. 3.1). The mounted sample is
water cooled and is hold on a constant temperature of around 30 ◦C. A scheme of the
side manipulator is depicted in Fig. 3.3. The manipulator is movable in y direction,
so that a radial scan of the plasma can be performed. On the x axis it stays at a fixed
position. The temperature of the target can be monitored using a thermocouple
which is positioned directly behind the surface. Furthermore, it is possible to apply
a negative voltage to the target between 0 V and −300 V. Because of arcs between
sample and anode at higher voltages only voltages up to −220 V were applied. The
parts of the manipulator, which are exposed to the plasma are protected using a
ceramic paste, so that the voltage is only applied to the sample and not to the rest
of the manipulator.
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Fig. 3.4: 3D models of the two target holders used on the axial manipulator. In
(a) the cooled target holder and in (b) the heated target holder are shown. With
the MACOR separators the sample is thermally decoupled from the cooled cooper
basement. Both models are created and rendered using the software Blender 3D
[Ble18].

3.2.2 Axial Manipulator

For the axial manipulator (or target station) two different sample holders were used.
The difference between them is that one holder is cooled and the other is not. In
comparison to the radial manipulator the y position of this manipulator is fixed and
the x position can be varied freely within the exposition chamber. Similar to the
radial manipulator a negative voltage can be applied to the target holder. Like shown
in Fig. 3.4 (a) and (b) both target holders are built on a cooper base element. This
cooper element is cooled with water, which has a temperature of 20 ◦C. If a negative
voltage is applied to the target holder, the complete cooper basement is set under
this potential. Because only the sample should be biased in the plasma the cooper
basement is protected with a MACOR plate. The plate acts as an isolator, so that
the plasma facing side of the target holder is not under the applied potential and
the potential is applied only to the sample. For the electrical connection between
the cooper base element and the sample a hollow stainless steel cylinder is used in
which the sample can be mounted. Inside the cylinder the thermocouple is located
as well. The stainless steel cylinder is also protected with a MACOR surrounding
(see Fig. 3.4). The cooling for the non cooled target holder cannot be switched off.
Therefore four MACOR pins are used to thermally decouple the cooled cooper base
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Fig. 3.5: Scheme of the used high resolution Echelle spectrometer (HRES). The
light coming from the fiber is focused on the entrance slit of the spectrometer. In
front of the entrance slit a interference filter is positioned to filter out all unnecessary
wavelengths of the light. In the spectrometer the light is reflected from a mirror and
focused on an Echelle grating. The grating separates the light with respect to the
wavelength and reflects it back through the lens on an EMCCD chip.

from the rest of the target holder. To still apply a potential to the target, above the
MACOR pins a stainless steel plate is located which is connected to sample. The
plate is again covered by a MACOR plate to isolate it from the plasma. In this
configuration the plasma can be used to heat up the target up to 500 ◦C depending
on the tested material and plasma conditions.

3.3 Diagnostics at PSI-2

At the PSI-2 device different kind of diagnostics are used to investigate the plasma-
material interaction. A double Langmuir probe is used to achieve the plasma pa-
rameters like electron temperature Te, electron density ne, ion flux Γi and plasma
potential Up. The Langmuir probe consists of two tungsten pins which are 1.5mm
in diameter and length and the spacing between them is 1.5mm. The two pins are
surrounded by a ceramic tube. At the moment the double probe is used as a single
probe by biasing only one pin with 50V and a frequency of 50Hz. The obtained I-V
curve is analyzed by a software written by Gennady Sergienko.
To check the values of ne and Te obtained by the Langmuir probe and to study tur-
bulent transport in the device a Thomson scattering system is installed at the PSI-2
[Hub17]. For direct observation of the plasma and to obtain gas and ion temperature
optical emission spectroscopy (OES) is used [Kre15].

3.3.1 High Resolution Echelle Spectrometer (HRES)

The spectroscopic measurements in this thesis are performed with a high resolution
Echelle spectrometer (HRES), which is schematically depicted in Figure 3.5. The
spectrometer is built in a Littrow configuration, thus incident angle and angle of
reflection are equal. In the Littrow configuration the spectral order m, in which the
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Spectrometer type Echelle spectrometer in Littrow configuration
Groove density [ grooves/mm] 79.015

Dispersion [Å/pixel] ≈ 1 pm
Camera type Andor iXion DU-888 EMCCD
Chip size 1024× 1024 px2

Spectral order m = 37 (Hα), m = 49 (Hβ)
Grating angle 286.86° (Hα), 290.24° (Hβ)

Table 3.2: Characteristics of the HRES.

emission is observed, can be calculated using Eq. 3.1 [Pal02]:

m =
2 sin(α)

Gλ
=

2d sin(α)

λ
, (3.1)

where α is the angle between grating and the surface normal, G = 1/d is the groove
density, d is the distance between two grooves and λ is the wavelength which should
be analyzed in the spectrometer. Using Eq. 3.1 one found that Hα is measured in the
spectral order m = 37 and Hβ in the spectral order m = 49. The light is collect at
the PSI-2 using a 30 m optical multi mode fiber. The spectrometer is self constructed
in the institute and uses an Andor iXion DU-888 EMCCD camera with a size of
1024× 1024 px2. The light is focused on a slit and reflected into the spectrometer
using a mirror. By varying the slit width the resolution of the spectrometer and
the measured intensity can be adjusted. In front of the slit a band pass filter can
be placed to filter out all wavelengths except of the one, which should be analyzed.
After the light is reflected from the mirror it is focused with a lens onto the grating.
The grating has 79.015 grooves/mm and can be rotated to observe other wavelengths
on the camera. The grating separates the light with respect to the wavelength and
reflects it back on the focus lens. From there it is guided onto the EMCCD image
sensor. The spectrometer has a dispersion of around ≈ 1 pm/px and a resolution
of ≈ 5 pm/px. The characteristics of the used spectrometer are summarized in Tab.
3.2.

3.3.2 Calibration of the HRES and Analysis of the Spectrum

In Sec. 3.3.1 the movable grating of the spectrometer was mentioned to change the
wavelength range of interest which is observable in the camera. A disadvantage of this
setup is that there is no absolute wavelength calibration of the spectrometer. The
calibration needs to be done every time the grating is rotated by using a calibration
lamp. In this thesis a D calibration lamp (Edmund optics: Deuterium Spectrum
Tube) is used. Beside D a little amount of H is present in the gas tube, so that the
spectral lines of D and H can be observed simultaneously (Fig. 3.6). The resolution of
the spectrometer is high enough to observe the fine structure of the Balmer transition
lines. As a consequence, for the fitting procedure not a single Voigt function but a
sum of seven Voigt functions (each for a fine structure transition line) are used to fit
the spectrum. For the fitting procedure the python algorithm lmfit is used [New14].
Note, a Voigt function is the convolution of a Gaussian and a Lorentzian function
(Eq. 3.2):

V (λ) = (G ∗ L)(λ) =
ARe[w(z)]

σ
√

2π)
, z =

λ+ iγ

σ
√

2
(3.2)
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Fig. 3.6: Measurement of the calibration lamp. The left peak is the Dα line and the
right is the Hα line. The fine structure of both peaks can be observed in this spectrum.
The colored functions are the fits of both spectral lines.

where A is the amplitude, σ is the standard deviation of the Gaussian function, γ
is the full width of the Lorentzian function, and w is defined as w = e−z

2
erfc(−iz),

with the complimentary error function erfc [New14]. The full width half maximum
(FWHM) of the Gaussian function is fG = 2σ

√
2 ln(2) and of the Lorentzian function

fL = 2γ. The Voigt function is not normalized but scaled with the amplitude A to fit
the experimental data. A Voigt function is used, because the high resolution of the
spectrometer allows to distinguish between Doppler broadening (Gaussian function)
and the natural line broadening (Lorentzian function). The fitted lines can be used
to calculate the mean wavelength λmean of the peak using Eq. 3.3:

λmean =

∑
i λiAigi∑
i Aigi

, (3.3)

where λi is the wavelength, Ai is the Einstein coefficient and gi is the statistical
weight of fine structure element i. Eq. 3.3 can also be applied to calculate the center
position of the peak in pixels by replacing the wavelength λ with pixel position x.
This procedure is done separately for the Hα and the Dα line. For both lines a
center position in the wavelength scale and in the pixel scale is obtained. Using
both information of both spectral lines a linear dispersion relation can be calculated.
For this procedure at least two known spectral lines are needed to be visible in the
measured spectrum. Note, that this calibration in only valid at one position of the
grating. If the grating position is changed a new calibration needs to be done. Also
for each day and between measurements the spectrometer is calibrated.

3.3.3 Passive Emission of Balmer Lines in PSI-2

The Balmer lines in the PSI-2 device consists of two different components [WMF07]
as can be found in Fig. 3.7. The first component is called the cold one, because
it is caused by cold atoms and molecules at the plasma edge. The second is called
the hot component, because it is caused by charge-exchange between fast ions from
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Fig. 3.7: Hα line measured with the high resolution Echelle spectrometer at a LOS
of 35°. The H flux was 85 sccm and the neutral gas pressure was p = 4.7× 10−2 Pa.
The electron density was ne = 3.5× 1011 cm−3 and the electron temperature was
Te = 11 eV. To fit the spectral line two functions are used for the hot (red curve)
and the cold (blue curve) component. Each function is the sum of seven single Voigt
profiles for each line of the fine structure of hydrogen. The theoretical fine structure
lines are shown as thin lines in the center of the spectrum and are taken from the
NIST database [Kra18].

the inside of the plasma and atoms in the plasma (Eq. 3.6) and electron excitation
afterwards (Eq. 3.7). The cold component is the result of excited neutrals either by
electron excitation (Eq. 3.4) or due to dissociation of hydrogen molecules (Eq. 3.5)
[Mey99]:

H + e → H∗ + e , (3.4)
H2 + e → H∗ +H + e , (3.5)

and for the hot component:

H+ +H → H +H+ , (3.6)
H + e → H∗ + e . (3.7)

As a consequence the spectral line is fitted by using two different functions, one for
the cold and one for the hot component (see Fig. 3.7). Thus, both parts of the
spectral line need to be taken into account for fitting the total spectral line. The
function describing either the hot or the cold component is again a sum of seven
single Voigt functions for the seven fine structure lines of Hα. Moreover, it needs to
be mentioned that the measured spectrum of the Balmer lines is shifted towards the
theoretical values taken from the NIST database [Kra18]. This shift is the result of a
rotation of the plasma due to a force F = E×B which interacts with the ions inside
the plasma [Mey99]. As a consequence, the ions begin to rotate and the rotation
direction is clockwise in direction from the plasma source to the target holder. This
rotation can be analyzed by comparing the central position of the measured spectrum
with the known theoretical position of the lines. In Fig. 3.7 a measurement of the
Hα line is shown, at a gas flux of H of 85 sccm. The electron temperature at this
condition was Te = 11 eV and the electron density ne = 3.5× 1011 cm−3. The neutral
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gas pressure in the exposition chamber was p = 4.7× 10−2 Pa. Analyzing the hot
component the ion temperature is determined to Ti = 1.94 eV and with the cold
component the gas temperature is calculated to Tg = 0.1 eV. The rotation of the cold
component is calculated to ≈ 0.2 km s−1 and for the hot component ≈ 2.5 km s−1.
The rotation of the hot component is much higher compared to the cold component
because the ions are influenced by the magnetic field before the charge-exchange
interaction with the background gas. The neutral atoms, the source of emission for
the cold component, are not influenced by the magnetic field.
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CHAPTER 4

EXPERIMENTAL RESULTS OF THE
EMISSION OF FAST ATOMS

The chapter starts with the discussion of the plasma conditions used in the experi-
ments. In Sec. 4.2 and Sec. 4.3 the dependence of the Doppler-shifted emission on
the applied surface potential and material is shown. Using the knowledge from the
previous sections, in Sec. 4.4 a new kind of diagnostic is developed, which measures
the spectral reflectance of the investigated surface during plasma exposition. In Sec.
4.5 this diagnostic is used to determine the spectral reflectance for various target
materials. A summary of these results can be found in [Dic18a]. These measurements
built the basis for the following experiment campaigns where the limits of the new
diagnostic are tested. Experiments are performed to obtain not only the spectral
reflectance of the target at the wavelength of Hα, but also at the position of Hβ (Sec.
4.7). Moreover, the radial plasma profile of PSI-2 can be measured (Sec. 4.8) as
well as the polarization of the reflected light (Sec. 4.9) and the in situ degradation
of the target surface during plasma exposure (Sec. 4.10). In these measurements
also the theoretical dependence of the refractive index on the temperature given by
Kikuo Ujihara in 1972 [Uji72] was tested. For a better understanding of the emission
of the fast atoms a new model is developed to fit the Doppler-shifted components
and the passive Balmer line simultaneously (Sec. 4.11). Finally, in Sec. 4.12 the
Doppler-shifted emission of fast H atoms in different gas mixtures of H and other
noble gases are tested.

4.1 Characterization of the H-Ar Plasma in PSI-2

In Fig. 4.1 typical Langmuir probe measurements are shown. The measurements
are performed with a H-Ar plasma with a gas flux of 40 : 40 sccm and 80 : 80 sccm.
These are two typical gas flows used for experiments in this thesis. The hollow
plasma profile of the PSI-2 device already mentioned in Sec. 3.1 can clearly be
observed using the Langmuir probe (Fig. 4.1). In the plasma a low electron density
of only 4× 1010 cm−3 for 40 : 40 sccm and 6× 1010 cm−3 for 80 : 80 sccm is detected.
The neutral gas pressure is in the range of 0.1 Pa for both experiments. Beside the
electron density ne, the electron temperature is low at a constant value of around
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Fig. 4.1: Langmuir probe measurement for two different plasma conditions with two
different gas flows namely 40 : 40 sccm and 80 : 80 s ccm. In (a) the e lectron density
ne, in (b) the electron temperature Te and in (c) the plasma potential Up is depicted.
Note, a negative radius means that the langmuir probe is moving into the plasma, a
positive means the probe is moving out of the plasma. The image is mainly taken
from [Dic18a]

6 eV for both plasma conditions. In Fig. 4.1 (c) the plasma potential for both plasma
conditions is depicted and has a value of around −30 eV at maximum. The plasma
values of ne and Te are representative for all measurements in a H-Ar mixed plasma
presented in this thesis.
To make sure that the line emission is neither disturbed by effects like the Stark
effect nor by emission from accelerated ions in the sheath two conditions need to be
fulfilled ( Eqs. 4.1 and 4.2):

lcx = 1/ngσcx � d , (4.1)
lλ0 = ντ � d , (4.2)

where lcx is the mean-free path of the charge-exchange recombination of the ions
in the sheath, ng = p/kTg is the neutral gas density, where p is the neutral gas
pressure, k is the Boltzmann constant and Tg is the neutral gas temperature, σcx

is the charge-exchange cross section, d is the Debye sheath thickness, lλ0 is the
characteristic distance the atom moves before the emission process, ν is the velocity
of the atom and τ = 1/

∑
k Aif is the lifetime of the excited level i and Aif is the

Einstein coefficient for the transition from level i to f and the sum extends over all
lower lying levels f . Eq. 4.1 describes that the mean-free path of the charge-exchange
recombination is bigger than thickness to avoid emission by accelerated ions. Eq.
4.2 makes sure that no emission by fast atoms takes place inside the Debye sheath
to avoid Stark splitting of the emission line.
Using typical values of the PSI-2 device at our conditions, an electron density ne ≈
5× 1010 cm−3, an electron temperature of Te ≈ 6 eV, a neutral gas pressure p ≈
0.1Pa and kinetic energy of the atoms of 100 eV are assumed. Using these values a
sheath thickness of d = 0.5mm using the Child-Langmuir Law (Eq. 2.3) is achieved
[Ben09]. In comparison to the sheath thickness, the distance lλ0 = vτ the atoms
can move before they emit a detectable amount of photons can be calculated to
1.4mm (assuming a kinetic energy of the excited atoms of 100 eV and a lifetime of
the n = 3 state of τ = 10 ns [BS77]). Thus, the distance of the lλ0 is a factor of 3
greater than the sheath thickness d, which proves two important facts. The first one
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is that emission inside the sheath is avoided, which would make the analysis of the
spectrum very difficult. Inside the sheath very high electric fields are present as a
result of the potential drop between plasma and metallic surface. This high electric
field would cause a strong Stark splitting, which makes the spectrum very complex.
Thus, condition 4.2 is fulfilled in the used experimental setup. On the second hand,
the difference between lλ0 and d demonstrates that no Doppler-shifted emission by
particles created due to charge-exchange interaction is observed, because this could
only take place in sheath. To exclude charge-exchange interaction effect one can also
take a look at the mean-free path for charge-exchange interaction lcx = 1/(ngσcx).
The mean-free path can be estimated to lcx = 2.6 m assuming a neutral gas density
ng = 1.25× 1012 cm−3, a neutral gas pressure of p = 0.1 Pa, a neutral gas temperature
of Tg = 0.5 eV and a charge-exchange cross section of σcx = 3× 10−15 cm2 [JRS03].
The comparison of lcx and d shows that charge-exchange in the sheath can be
neglected in the experimental setup. As a consequence, the observed Doppler-shifted
emission is only the result of fast neutrals created at the target surface (which can
also be proven by the material dependence of the kinetic energy of the fast neutrals
in Sec. 4.3).

4.2 Doppler-Shifted Emission of Fast Atoms as a
Function of the Incident Ion Energy

In this section the dependence of the Doppler-shifted emission on the energy of the
incident ions is investigated. For the measurements presented in this section the
radial manipulator is used, the gas flow is adjusted to 40 : 40 sccm and the Hα

wavelength at 656 nm is measured. In Fig. 4.2 the measured spectra for a Pd sample
are shown. The surface potential was varied between −30 V and −220 V, where
−30 V is the floating potential at the used plasma conditions. In Fig. 4.2 (a) the
spectra is measured at an angle of 90◦ between surface normal and line-of-sight of
the spectrometer. In Fig. 4.2 (b) the spectra for 35◦ are depicted. The different
colors in the graph denote different applied potentials. Note, a negative energy on
the x axis corresponds to wavelengths smaller than the unshifted wavelength of the
central line.
All observations taken in Fig. 4.2 are also valid for Fig. 4.3 and Fig. 4.4. For
clarity these observations are just explained for the Pd target. The first observation
presented in Fig. 4.2 (a) is that there is no Doppler-shifted emission detectable
at a floating potential of −30 V. The Doppler-shifted emission starts to arise at a
target potential of −80 V and increases with increasing potential. This shows that a
kinetic energy of ≈ −80 eV of the fast atoms is needed to observe the Doppler-shifted
emission.
The fact that the Doppler-shifted emission profile gets broader with a higher ap-

plied target potential and thus a higher acceleration of the ions in the Debye sheath
demonstrates very clearly that the Doppler-shifted emission can be controlled by
only changing the applied potential. One can further see in Fig. 4.2 that the Doppler-
shifted wings become broader with higher kinetic energy but the maximum intensity
of the emission profile reaches its maximum at a target potential of around −120 V
and stays nearly constant at potentials below. Assuming that the integral under the
Doppler-shifted component needs to be constant, as well as the Ar density and the
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Fig. 4.2: Scan of the target potential between −30V and −220V for a Pd sample.
The different colors denote the different applied potentials. For the experiment a gas
flow of 40 : 40 sccm H:Ar and the radial manipulator was used. Both spectra were
measured for Hα. (a) Spectra measured at an angle of 90◦ between surface normal
of the target and line-of-sight are shown. (b) Spectra measured at 35◦.
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Fig. 4.3: Scan of the target potential between −30V and −220V for a Fe sample.
The different colors denote the different applied potentials. For the experiment a gas
flow of 40 : 40 sccm H:Ar and the radial manipulator was used. Both spectra were
measured for Hα. (a) Spectra measured at an angle of 90◦ line-of-sight are shown.
(b) Spectra measured at 35◦.
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Fig. 4.4: Scan of the target potential between −30V and −220V for a C sample.
The different colors denote the different applied potentials. For the experiment a gas
flow of 40 : 40 sccm H:Ar and the radial manipulator was used. Both spectra were
measured for Hα. (a) Spectra measured at an angle of 90◦ line-of-sight are shown.
(b) Spectra measured at 35◦.
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H density, this observation can be explained with the presence of H+
2 in the plasma.

The H+
2 ions are accelerated in the Debye sheath as well. After the neutralization

process the H2 molecule can diffuse into two H atoms (called H(H+
2 ) in the following),

but the single atoms have only half the kinetic energy of the molecule. As a conse-
quence, a H2 molecule with a kinetic energy of 100 eV produces two H atoms with
a kinetic energy of around 50 eV (for a precise calculation also the binding energy
of the H molecule needs to be taken into account, but this is of weak importance at
this place). However, fast atoms with an energy of 50 eV are bellow the threshold of
80 eV were the Doppler-shifted emission starts to arise, meaning that the emission of
H(H+

2 ) only becomes more important at higher energies. Furthermore, the intensity
seems to saturate at an energy of around −100 eV, but then it increases again to
a second peak. This peak is caused by emission of H(H+

2 ) atoms [Phe90; Phe92;
Mar18] and proves their presence in the plasma. But in contrast to the observations
in high density plasmas where the emission is dominated by atoms created out of
H+

3 ions [AKK04], the emission in a low density plasma is dominated by fast atoms
created out of H+ ions [Dic18a].
A third observation is the difference in the emission profile between the two ob-
servation angles of 35◦ and 90◦. The emission profile of the red and blue-shifted
component is symmetrical as can be seen in Fig. 4.2 (a) (90◦). Compared to that,
the emission profile in Fig. 4.2 (b) (35◦) is unsymmetrical. This is also true for Figs.
4.3 and 4.4. The difference between the emission profiles can be seen best for C in
Fig. 4.4. The reason lies in the difference of the observation directions and is thus
a geometrical effect. In Sec. 2.2 it is already explained that the emission profile
depends on the angle of observation. In Fig. 2.5 the simple theory is developed
that the backscattered neutral atoms are distributed in a half sphere in front of
the target surface. From this simple picture one can conclude that the emission
profile of fast atoms should be symmetrical, if one observes the emission parallel to
the target surface (90◦ observation angle). For any other angle the emission profile
should be more tilted to the blue-shifted direction. Comparing the ratio of the red
and blue-shifted component of the different materials it turns out that the ratio is
changing with the materials, but is practically independent on the kinetic energy of
the atoms. Note that emission by ions accelerated towards the sheath is excluded
at the used experimental conditions. The only possible solution for the red-shifted
component is light reflection at the metallic surface emitted by the backscattered
fast atoms. Taking this into account, the observed Doppler-shifted spectra can be
explained, because Pd is a very good reflector at the wavelength of 656 nm (R = 0.75)
[WGA09] compared to e.g. C (R ≈ 0.2) [Que85].

4.3 Doppler-Shifted Emission of Fast Atoms as a
Function of the Target Material

Beside the surface potential also the material can be varied. The maximal energy
of the backscattered atoms can be calculated assuming a binary collision process
(Eq. 2.4) [AFM07]. In this process the maximal energy of the backscattered atoms
Em ∝ f(E0,m,M, θ0) ≈ e(U −Up) is a function of the incident energy of the ion E0,
the projectile mass m, the surface mass M , the angle of observation θ0. In the low
density plasma regime, where the measurements are performed, the maximal energy
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of the ions E0 can be described as E0 ≈ e(Us − Up), where Us is the applied surface
potential and Up is the plasma potential.
Fig. 4.5 clearly shows that the maximum energy of the backscattered atoms crucial
depends on the surface mass. For all experiments a potential of −100 V was applied
to the target (represented by the black dashed line). The colored areas under the
spectra represent the range in which the integral is calculated (for more information
about the integral calculation see Sec. 4.4.1). The point where the blue-shifted emis-
sion starts to arise is defined as the maximal energy of the backscattered atoms. The
onset of the Doppler-shifted emission are determined by calculating first the back-
ground level bblue left of the blue-shifted emission profile and the standard deviation
of the background level σblue. The maximum photon energy can then be calculated
as Ep

m = E(I > bblue + iσblue), where i is a positive integer number. Assuming a
Poisson statistic of the measured data and by choosing i = 3 the maximal energy Ep

m

of the reflected atoms is derived in 99.73 % of the confidence interval. The error bar
on the onset is the result of the instrumental uncertainty of the spectrometer which
is ≈ 5 px. Note that the maximal photon energy Ep

m has to be smaller than the
maximum energy of the backscattered atoms Em by the amount of Ep

m = Em − δE,
where δE > 0 and δE << Em. δE is the energy the fast atoms loses for the exci-
tation process to the n = 3 state. Depending on the kind of the excitation δE is
different: δE = 10.2 eV for ground state excitation and δE = 0.12 eV for excitation
transfer by Ar metastables [Dic18a]. The onset for the red-shifted emission is not
determined out of the spectrum because of the much worse statistic compared to the
blue-shifted onset for some elements, e.g. C (see Fig. 4.4 or Fig. 4.5). Assuming
a symmetry of the Doppler-shifted emission, the red-shifted onset is just mirrored
along the Hα line. The minimal observable energy Ep

min can then be calculated out
of the maximal energy by Ep

min = Ep
m sin(θ0)

2. Note, that this is not the minimal
energy of the photons but the minimal energy the diagnostic can detect under a
certain angle of observation [Dic18a]. The reflectance can then be calculated using
Eq. 4.3.
The onset point of the Doppler-shifted emission crucially depends on the used mate-
rial. For C the onset point is the lowest with 63 eV, but C is also the lightest material
with an atomic number of Z = 6. With increasing atomic mass (or atomic number
Z) also the onset point increases like expected from Eq. 2.4. For Fe it is 78 eV at
an atomic number of Z = 26 and for W it is the highest with 96 eV with an atomic
number of Z = 74. The strong dependence of the maximal photon energy Ep

m on the
sample material proofs that the source of emission can only be fast neutral atoms
created at the target surface by surface neutralization. If ions in the sheath would
emit the light during the acceleration process due to charge-exchange, the photon
emission could not contain any information about the used target material because
the emission takes place before the interaction. Furthermore, the energy interval of
the red-shifted emission has to be extended to 100 eV for all materials.
Beside this it is tested how good the measurements of the onset energy can describe
the formula for the binary collision (Eq. 2.4). The results of this test can be found in
Fig. 4.6. The difference between onset energy EP

m and calculated maximum energy
of the reflected atoms Em is not more than 10 % for all the tested materials. Ele-
ments with a lower Z number (Z< 20) are close to the theoretical curve. For target
materials with higher Z numbers (Z> 20) the determined data spreads more around
the theoretical curve. This can be explained with the fact that for higher Z numbers
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Fig. 4.5: Measured spectra for different target materials. The different energy ranges
are shown and the colored areas represent the areas in which the integral for the
reflectance is calculated. Blue for the blue-shifted direct emission and red for the
red-shifted reflected emission. The error bars are the uncertainties for determine the
energy of the spectrum and are the result of the instrumental uncertainty which is
≈ 5 px. The dashed black line represents the applied target potential of −100 V. In
the upper right corner of each graph the measured element and in brackets its atomic
number is given. All spectra were measured using the radial manipulator except of
the measurements of Mo and W. For this spectra the axial manipulator was used.
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Fig. 4.6: Normalized energy Ep
m/eUs versus the atomic mass for different target

materials, where Us is the applied target potential. The experimental data is shown
in black points and the dashed black curve is the calculation using Eq. 2.4 [AFM07].

the ratio EP
m/Em reaches asymptotically one, what makes it more difficult to detect

the difference. Another important observation is that the measured value of EP
m

systematically underestimates the theoretical value EP
m/Em ≈ 0.8 . . . 0.9, because

neither the plasma potential nor the energy offset δE of 0.12 eV or 10.2 eV is included
in this calculations.
To conclude, the onset energy of the Doppler-shifted emission shows a strong depen-
dence on the used sample material (at least for low Z materials) which proves that the
detected light is emitted by fast neutral atoms accelerated in the Debye sheath and
neutralized and backscattered at the target surface. No emission inside the Debye
sheath caused by ions and charge-exchange is measured [Ada03; AKK04], because
this signal does not contain any information about the target material. Furthermore,
it is proven that the observed red-shifted emission is caused by light reflectance at
the metallic surface.

4.4 Development of the Doppler-Shifted Reflectance
Measurements (DSRM) Diagnostic

In the last sections it is shown that the emission of incoming ions in the sheath is
not the source of the red-shifted component, like proposed in [Phe09; Phe11]. At
the used experimental conditions the source of the red-shifted component is
only photon reflection at the metallic target surface. This fact opens a field for
completely novel diagnostics to use the emission of fast atoms in the plasma and
to get a deeper insight into plasma-surface interaction. Moreover, this diagnostic
can be used to in situ determine the optical properties of mirrors during plasma
exposition. This diagnostic could be of importance in plasma physics as explained
in the following.
Observations by optical spectroscopy are widely used in plasma physics to provide
information on electron density ne, electron temperature Te, ion density ni and ion
temperature Ti without disturbing the plasma with a probe. Some examples for
such a plasma diagnostic would be Charge-exchange Recombination Spectroscopy
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(CXRS) [Mer15; Mer19], Motional Stark Effect (MSE) [Rei17], Beam-Emission
Spectroscopy (BES) [Del10] or measurements of the Zeeman effect [Mer01]. But
a diagnostic is only as good as its components and their accuracy and reliability.
One of the components of optical diagnostic are metallic mirrors [Lit07a]. The first
mirror of these diagnostics are positioned inside the vacuum chamber and is directly
exposed to the plasma. As a consequence these mirrors need to withstand high par-
ticles fluxes and radiation which can damage their surfaces [Lit07b] and can change
their optical properties, e.g. spectral reflectance and polarization behavior. Beside
the plasma also laser pulses can damage these mirrors, depending on the diagnostic
using them [KHV08]. Cleaning systems for the first mirror are currently discussed in
literature [Mos17a; Mos17b]. Knowledge of the exact spectral reflectance is necessary
for example if the absolute intensity of a spectral line should be measured. To do so
the transmittance of the complete optical path has to be known, including the first
mirror [Dic18a]. If the spectral reflectance changes, also the transmittance changes
and the calibration done in advance is not valid anymore. Also the polarization
effects of the mirror can be an issue for example for the CXRS diagnostic [Jas08;
Mer15]. For the MSE diagnostic the polarization properties of the first mirror are
of relevance as well [BA08].
The examples given above demonstrate that it is important to know the exact optical
properties of the used mirror in order to run a reliable and precise diagnostic. It
would be even better to be able to monitor these values in situ during the plasma
operation. But until now there is no diagnostic or measurement technique known
which is able to measure the optical properties of the first mirrors during the plasma
operation. Right now two solutions for recalibration of the first mirror exist. In the
first one a calibration source is brought into the vacuum vessel or the first mirror is
taken out and is recalibrated outside the plasma chamber, e.g. with ellipsometry (Fig.
4.7) or with an Ulbricht sphere (Fig. 4.8). An ellipsometer is used to determine the
dielectric material constants, by scanning the sample surface with polarized photons
[TI06]. With an Ulbricht sphere the spectral reflectance of a sample can be measured
by measuring first the emission of the Ulbricht sphere and after this the reflected
emission of the Ulbricht sphere from the sample surface (Fig. 4.8 (b)). The second
approach is to measure the optical properties during the plasma exposition using
another external source, e. g. a laser [Miy16]. For the laser an additional optical ac-
cess to the mirror is needed, but the number of optical ports is highly limited [Kri18].
Thus, a diagnostic is desired, which is able to measure the optical properties of the
mirror without disturbing the plasma, without any additional calibration source and
without an additional optical port. This kind of diagnostic is not only interesting
for fusion research [Mos17a], but also for technological [Mas05] and laser produced
plasmas [Lay95].
In this thesis I propose to use the Doppler-shifted emission of fast atoms in a low
density H-Ar mixed plasma to measure the optical properties of metallic mirrors
during the plasma operation. The basic idea is to transfer the time resolved measure-
ment of the reflectance in the laboratory to an energy resolved measurement in the
plasma. The Doppler-Shifted Reflectance Measurement (DSRM) diagnostic uses
the Doppler-shifted line emission of the Balmer series of fast H atoms to measure the
optical properties of metallic mirrors in the plasma as shown in Fig. 4.9. An atom
at rest with a velocity v = 0 emits light spontaneously with wavelength λ0. If the
atom is in motion (v > 0) the emitted light can be observed either blue-shifted λb

37



4.4. DEVELOPMENT OF THE DOPPLER-SHIFTED REFLECTANCE MEASUREMENTS
(DSRM) DIAGNOSTIC

Light source Detector

Polarizer Analyzer

Sample

Fig. 4.7: Scheme of an ellipsometry setup. Emission from the light source is polarized
with a polarizer and sent onto the sample surface. Afterwards the polarized light is
reflected from the sample surface, analyzed in a second polarizer and measured with
a detector.
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Fig. 4.8: (a) Setup to measure the spectral reflectance of a target with an Ulbricht
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curve). The difference between both spectra is defined as the spectral reflectance of
the sample.
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Fig. 4.9: (a) Top: Scheme of the Doppler-shifted emission of a mono-energetic atom
with velocity v moving in the detector direction. Bottom: Measured Doppler-shifted
spectrum (blue and red peak). The black dashed line is the emission at a velocity
v = 0. (b). Top: Geometrical conditions at an observation angle of Θ0. Bottom:
Emission profile of the Doppler-shifted emission. The blue-shifted emission profile
is in the interval of [λb,min, λb,max] and the red-shifted emission [λr,min, λr,max]. The
two emission profiles are overlapping depending on the observation angle Θ0. The
shape is determined by the angular and energy distribution function of the fast atoms
[EB83]. (Image taken from [Dic18a])

or red-shifted λr with regard to the unshifted wavelength λ0 (Fig. 4.9 (a), top). In
the spectrum an emission line with unshifted wavelength λ0 (black) is observed and
separated from this line a blue-shifted λb (blue) and the red-shifted λr emission line
(red) (Fig. 4.9 (a), bottom). The relative intensity of the red-shifted component with
regard to the blue-shifted one is smaller, because the red-shift light is interacting
with the mirror surface before it is detected in the spectrometer (see Fig. 4.9 (a),
top). Using this fact, one can define the reflectance R = Ir/Ib of the mirror surface
as the ratio of the blue-shifted Ib and red-shifted component Ir. This can be done,
because the source of emission for both emission lines is the same, but one can be
observed directly and the other one after the interaction with the mirror surface.
This is of course a very simple picture of the working principle of this diagnostic. A
more realistic picture of the emission of fast atoms in the plasma is shown in Fig.
4.9 (b), bottom.

4.4.1 Calculation of Reflectance

At the experimental conditions used in this thesis, photon emission by accelerated
ions and emission inside the Debye sheath are excluded. The blue-shifted light is
emitted directly in the observation direction, whereas the red-shifted light is emitted
in the opposite direction. The red-shifted component is only observable, if the light is
reflected from metallic surface in the observation direction. Because the red-shifted
photon is interacting with target surface before the detection and the blue-shifted
photon does not, it is possible to define the ratio of the integrated signals over
the blue (Ib) and red-shifted (Ir) emission peak as the spectral reflectance of the
investigated sample:

R(λ0) =

∫ λr,max
λb,max

Ir(λ)dλ∫ λr,min
λb,min

Ib(λ)dλ
. (4.3)
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The integration range is chosen like this, to integrate only over the pure blue and
red-shifted signal and not over the overlapping part. The integration range marked
shaded in Fig. 4.9 (b), bottom. For the blue-shifted signal the integration area
is [Eb,min, Er,min] and for the red-shifted signal [Eb,max, Er,max]. The integration is
done numerically using the trapezoidal method. This gives an error σb and σr on
each of the integrals Ib and Ir [CN03]. The total error of the reflectance σR is then
calculated using Gaussian error propagation:

σR =

√(
Irσb
I2b

)2

+

(
σr
Ib

)2

(4.4)

According to [Dem06] the reflectance of a surface can also be theoretically calculated
using the complex refractive index (Eq. 4.5):

n = n+ iκ , (4.5)

where n is the refractive index and κ the absorption coefficient of the material.
For dielectric materials the absorption coefficient is usually zero, e.g. for water
κ = 1.64×10−8 at 650 nm [HQ73]. This results in a low reflectance value of dielectric
materials (R = 0.02 for water at an incident angle of 0°). However, conducting
materials, e.g. metals, have a large absorption coefficient and thus high reflectance
value, e.g. for Ag κ = 4.22 at 656 nm and a reflectance of R = 0.96 at an incident
angle of 0°.
The refractive index is needed if the interaction of light and a medium should be
investigated. In the following, the light is described as a planar wave. To understand
how the reflection and polarization of light wave works, one needs to look at the
interaction between the electro-magnetic wave moving from a medium with refractive
index n1 to the surface of certain material with refractive index n2 > n1 (Fig. 4.10).
The vector of the incoming wave is described with ke. The area between the incoming
wave vector ke and the normal of the surface N is called the plane of incidence. If
the wave interacts with the surface of a material, the incoming wave can be either
reflected (with wave vector kr) or refracted (with wave vector kf ). All three waves
can be explained as plane waves like mentioned above (Eqs. 4.6 to 4.8):

Ee = Ae · exp[i(ωet− ke · r)] , (4.6)
Er = Ar · exp[i(ωrt− kr · r)] , (4.7)
Ef = Af · exp[i(ωf t− kf · r)] , (4.8)

where Ai is the amplitude, ωi is the frequency and ki is the wave vector of the wave.
As a consequence of the maxwell equations the tangential component Et of the waves
relative to the surface have to be continuously:

Eet + Ert = Eft (4.9)

Using this equation one finds that the frequency of all waves need to be the same
and result in a relation for the phase velocity νph of the wave if the light is moving
from medium 1 into medium 2:

νph = c′ =
c

n
=
ωλ

2π
, (4.10)
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where c is the velocity of light in vacuum and λ is the wavelength of the wave. Eq.
4.10 means that if light is penetrating from one material into another with different
refractive indices, the frequency of the wave stays constant but the wavelength
changes. Taking Eq. 4.9 and Eq. 4.10 into account the Snell’s law of refraction can
be derived:

sin(α)

sin(β)
=

c′1
c′2

=
n2

n1

(4.11)

To calculate the reflectance and the polarization of the reflected wave one needs to
take a closer look to the amplitude Ai of the three waves. Similar to the tangential
and perpendicular component of the wave with regard to the surface, the same
definition can be made for the amplitude with regard to the plane of incidence. Thus,
the amplitude is separated in a component perpendicular As and one component
parallel Ap to the plane of incidence. The tangential component again needs to be
continuously:

Aet + Art = Aft (4.12)

The geometrical conditions of the amplitude vector is shown in Fig. 4.11. Using
B ≈ (k ×E) and Eq. 4.12 for non ferromagnetic materials (magnetic permeability
μ ≈ 1) one gets:

(ke ×Ee)x + (kr ×Er)x = (kf ×Ef )x (4.13)

Using Eqs. 4.11, 4.12 and 4.13 the reflection coefficient ρs and the transmission
coefficient τs perpendicular to the plane of incidence and ρp and τp for the component
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parallel to the plane of incidence can be calculated:

ρs =
Ars
Aes

=
n1 cosα− n2 cos β

n1 cosα + n2 cos β
, (4.14)

τs =
Afs
Aes

=
2n1 cosα

n1 cosα + n2 cos β
, (4.15)

ρp =
Arp
Aep

=
n2 cosα− n1 cos β

n2 cosα + n1 cos β
, (4.16)

τp =
Afp
Aes

=
2n1 cosα

n2 cosα + n1 cos β
, (4.17)

Eqs. 4.14 - 4.17 are called Fresnel equations and are the basis for any further
calculation of the reflectance or the polarization of the reflected light at the interface
of two materials with refractive index n1 and n2. The s-polarized reflectance is
defined as Rs(α, β, n1, n2) = ρ2s (Eq. 4.18) and Rp(α, β, n1, n2) = ρ2p (Eq. 4.18) for
the p-polarized reflectance and the total reflectance R can be calculated out of Rs

and Rp using Eq. 4.20.

Rs(α, β, n1, n2) = ρ2s =

(
Ars
Aes

)2

, (4.18)

Rp(α, β, n1, n2) = ρ2p =

(
Arp
Aep

)2

, (4.19)

R =
Rs +Rp

2
, (4.20)

In Eq. 4.16 one can see that the reflection coefficient decreases to zero ρp = 0 if the
condition α + β = 90° is fulfilled. The angle α = αB which fulfills the condition
(α+β = 90°) is called Brewster angle. At the Brewster angle the parallel component
of the reflection RP = 0 and the Brewster angle is calculated using Eq. 4.21:

tan(αB) =
n2

n1

(4.21)

This can also be understood using a simple picture. The incoming wave excited the
electrons at the interface to oscillate along the electronic field vector E inside the
material with refractive index n2. Then the electrons emit dipole radiation. At the
Brewster angle the reflected wave vector is parallel to the dipole axis. But dipoles
do not emit radiation parallel to the dipole axis and thus the parallel component of
the reflectance RP is zero [Dem06].
The measurement of the polarization of the reflected light cannot only be used to
measure the polarization properties of the mirror, but also to detected changes in the
surface morphology. The light is polarized if the angle of incidence is the Brewster
angle, like shown in Fig. 4.12 (a). The assumption in this picture is that an ideal
mirror has only one plain of incidence. In Fig. 4.12 (b) the situation is completely
different. The mirror surface is now assumed to be totally diffusive, which results
in many plains of incidence. Thus, every microsurface has a different orientation
towards the normal of the macrostructure. The result is the loss of a preferable di-
rection of polarization, because the orientation of the dipoles, induced at the surface
by the incoming EM-wave, is different for all plains of incidence. As a consequence,
the reflected light is not polarized anymore.
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Fig. 4.12: Schematic picture of the polarization of reflected light at an ideal mirror
(a) and a completely diffusive mirror (b). (a) If the surface is an ideal mirror, the
light is polarized if the angle of incidence is the Brewster angle αB. The theory of
polarization by reflectance assumes only one plain of incidence and thus only one
direction of dipole radiation. (b) The assumption of only one plain of incidence is
not applied for a diffusive surface. In this picture the surface consists of many plains
of incidence. As a result no preferable direction of polarization exists anymore and
thus the reflected light is unpolarized.

4.5 Determination of the Spectral Reflectance for
Various Mirror Materials

In this section the spectral reflectance is determined for various mirror materials
namely: Ag, Al, C, Cu, Fe, Mo, Pd, Rh, Sn, Ti and W. The reflectance is calculated
as explained in Sec. 4.4.1. The integral is calculated in the range [−Ep

m : −Ep
min]

for the blue-shifted component and [Ep
min : Ep

m] for the red-shifted component us-
ing the trapezium rule. In Sec. 4.3 it can be found how this intervals are de-
termined. The reflectance is defined as the ratio of red and blue-shifted emission
R =

∫
dλIr(λ)/

∫
dλIb(λ) (Eq. 4.3). The error on the reflectance is calculated out

of the error for the calculated integral using Gaussian error propagation (Eq. 4.4).
In Fig. 4.13 the results of the reflectance measurements are shown. The reflectance
values are determined at the following surface potentials: Us = −80 V for Fe and Pd,
Us = −100 V for Ag, Al, Mo, Sn and W, Us = −120 V for C and Cu, Us = −140 V
for Rh and Us = −180 V for Ti. For all 11 materials the difference between measured
reflectance and the values taken from literature is at maximum 15 %. This is the
first time a diagnostic is able to do this kind of measurement [Bra17; Mar18; Dic18a]
and it proves that the ratio of blue and red-shifted components can be used to de-
termine in situ the spectral reflectance of a metallic mirror. Nevertheless, for C the
difference between measured reflectance and literature value is large.The difference
can be explained with the low reflectance of C (≈ 0.2) which makes it difficult to
gain a strong red-shifted emission signal. But also the literature values may need to
be discussed. For e.g. W the DSRM diagnostic measured a larger value compared
to literature which is also observed by the group of Minissale et al. in their recent
publication [Min17]. The DSRM diagnostic determines a reflectance of 0.59 for W,
Werner et al. 0.53, Rakić et al. 0.50. Thus, the difference is 10 % and 15 %, respec-
tively. Minissale et al. achieve of a value of 0.55, which makes a difference of 7 %
compared to the results of the DSRM diagnostic in this thesis. Note that for the red
points in Fig. 4.13 the spectral reflectance is measured in the lab with an Ulbricht
sphere before the plasma exposure. The determination of the spectral reflectance
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Fig. 4.13: Experimental reflectance compared to values taken from the literature.
The values for Ag, Fe, Pd, W, Mo, Ti and Cu are taken from [WGA09], C data taken
from [Que85], Al data taken from [Rak98], Rh data from [WOL77] and Sn data taken
from [GM64]. It should be noted that there is no literature value for Sn available
at the wavelength of 656 nm. The value given in this plot is taken for 730 nm. The
error bars for the reflectance data is calculated using Eq. 4.4. For the red points
the spectral reflectance of the mirror is measured in the lab with an Ulbricht sphere
before plasma exposure.

using an Ulbricht sphere is schematically shown in Fig. 4.8. The difference between
the measurements in the lab and the experimental results obtained by the DSRM
diagnostic is around 3% smaller compared to the values taken from literature. Thus,
it seems that it is quite difficult to achieve reflectance values for metallic mirrors
and that different experiments could result in different values. Thus, the DSRM
can be another important tool to test the spectral reflectance of metallic mirrors,
to verify them and add these values to the databases which is demonstrated by the
measurements in Fig. 4.13 very clearly. This is not only interesting for fusion devices
[Lit07b; KHV08; Kra15], but for plasma physics and optics in general were metallic
mirrors are used in the experimental setup [Ors01].

4.6 Time Stability and Voltage Dependence of the
Reflectance

A very important property of a diagnostic is its time stability, since the results
should be reproducible at any time under the same conditions. As a consequence,
this property needs to be proven for the DSRM diagnostic as well. To do so, two
scenarios need to be tested. First, the diagnostic uses a H-Ar mixed plasma to
measure the spectral reflectance of the mirror, but the plasma itself should not
change or influence the spectral reflectance or the mirror surface. Second, it needs
to be shown that the determination of the spectral reflectance is independent on the
applied surface potential.
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Fig. 4.14: Temporal evolution of the experimental determined reflectance of a Pd
mirror during 2 h. The gas flux was adjusted to 80 : 80 sccm, the surface potential
was −100V and the radial manipulator was used to make this experiment. The red
data points at the beginning and the end are reflectance measurements before and
after plasma exposure outside the vacuum chamber using an Ulbricht sphere. The
dashed line is the reflectance taking from Werner et al. [WGA09].

To check the first point a Pd mirror was exposed to a H-Ar plasma with a gas flux of
80 : 80 sccm and a surface potential of Us = −100V. Fig. 4.14 shows the measured
reflectance versus time. The red data points at the beginning and the end of the
measurement are measured in the lab using an Ulbricht sphere. The reflectance is
determined out of a spectra measured with an exposure time of the EMCCD chip of
300 s, thus every five minutes one reflectance value is obtained. The long exposure
time is used to have good statistic and signal-to-noise ratio in the spectrum. The
dashed horizontal line is the literature value taken from [WGA09]. The measured
reflectance value stays constant within in the error bars over 2 h and agrees well
with the two measurement done in the lab before and after plasma exposure, the
variation is only in the range of 1% to 2%. This measurement clearly demonstrates
that the Ar flow do not change the optical property of the mirror surface and the
measurement technique of the DSRM diagnostic is reliable and time stable.
In the second test the target potential is varied and the reflectance is measured at
each potential. Again one spectrum is obtained in five minutes. The gas flow for
this experiments was 40 : 40 sccm. The potential stability is tested for three mirror
materials Pd, Fe and C. The target potential was varied between Us = −80V to
Us = −220V. The measurements were started at−80V and the potential is increased
to its maximum in steps of Us = −20V. For each target potential the spectrum is
measured with an integration time of 5min and the reflectance is calculated. The
determined reflectance values are compared with the values taken from literature as
shown in Fig. 4.15. The literature values are depicted as dashed lines and taken
from [WGA09] for Pd and Fe and from [Que85] for C. For Pd and Fe the measured
reflectance seems to be only week depended on the applied potential. Within the 1σ
range the reflectance stays close to the literature values of 0.57 for Fe and 0.74 for
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Fig. 4.15: Measurement of the spectral reflectance for a Pd, Fe and C mirror at
different surface potentials. The measurements started at Us = −80V and the poten-
tial was increased to Us = −220V. The dashed line are the reflectance values taken
from literature. For Pd and Fe the values where taken from Werner et al. [WGA09]
and for C from Querry [Que85]. (Image taken from [Dic18a])

Pd. A reduction of the measured reflectance is in the order of 5%. The reduction
can be explained with a destruction of the mirror surface with a higher energy of
Ar+ ions at higher surface potentials. For C the reflectance is 0.31 at the beginning,
which is a difference of 45% compared to the literature value of 0.17 [Que85]. The
reason is the low reflectance of C which results in a bad statistic in the red-shifted
component at −80V, which also can be seen in Fig. 4.4. This makes it difficult
to derive the spectral reflectance out of the spectrum. At higher target potentials
the integration area and thus the statistic increases and the measured reflectance
comes closer to the literature value. At −180V the difference is only 15% and the
literature value is in the 1σ range. For even higher target potentials the differences
decrease to less than 5%.
To summarize the observations of the first part of this section one can conclude that
the DSRM diagnostic is stable in time and the measurement procedure does not
change the spectral reflectance of the mirror if the potential is small enough to avoid
sputtering of the mirror surface by high energetic Ar+ ions. As can be seen in Fig.
4.15 the reflectance slightly decreases for higher target potentials in case of Fe and
Pd. C in this case can be left out, due to the given reasons. Thus, a good working
potential of the DSRM diagnostic should be in the range of −100V, where the energy
of the Ar+ is not high enough to damage the mirror surface in a reasonable amount
of time (2 h) in the case of Pd (Fig. 4.14). For materials with a lower Z than Pd
the sputtering is faster, because of the lower mass, for materials with a higher Z
number the sputtering is slower. Because the Z number of Pd is near the middle
of the used materials, in this thesis, the long term test was performed with Pd as
mirror material. Thus, −100V target potential should be a good compromise for all
used materials in this thesis (except of C).
Beside the potential dependence of the reflectance also the potential dependence of
the blue-shifted integral Ib is analyzed to learn more about the emission process itself.
The blue-shifted integral can be estimated using the following equation [Dic18a]:

Ib ≈ (N+RN)NAr,Ar∗〈σ(E0)
√
E0〉 for (Us � Up) , (4.22)
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Fig. 4.16: Integral Ib of the blue-shifted component is plotted versus the applied
potential. For this experiment Pd, Fe, and a C mirror was used and the target
potential was started at −80V and then increased in steps of −20V to −220V. The
dashed line is the fitted function Ib = a+ b

√
eUs to the data, where a and b are fitting

coefficients, e the elementary charge and Us the applied surface potential. The fitting
function assumes the relation of Eq. 4.22. (Image taken from [Dic18a])

where N+ is the ion density of H ions, RN is the particle reflection coefficient for H,
NAr,Ar∗ is the density of Ar in ground state or Ar metastable [Mar18] and 〈σ(E0)

√
E0〉

is the rate coefficient of excitation. In Fig. 4.16 the blue-shifted integral is fitted using
the function Ib = a+b

√
eU , which assumes that the Eq. 4.22 is correct. A very good

agreement between fitting function and experimental data points is achieved. Thus,
the variation in the surface potential changes the rate coefficient 〈σ(E0)

√
E0〉 and

as a consequence also the Doppler-shifted emission. This demonstrates again very
clearly that the emission measured by the DSRM diagnostic is only emitted by fast
atoms produced at the mirror surface after the neutralization of the accelerated ions
at the surface. Furthermore, it explains the observation in Figs. 4.2, 4.3 and 4.4 that
the Doppler-shifted emission can be switched on and off by only varying the target
potential. If no electrostatic potential is applied to the mirror, no Doppler-shifted
emission will be detectable [Dic18a].

4.7 Spectral Reflectance Measurements at Hβ

Beside the Hα spectral line, also the Hβ line is tested. The Hα line is an important line
for many diagnostics like for MSE measurements [Rei17], BES experiments [Del10]
or measurement of the Zeeman effect. All these diagnostics are using the wavelength
of the Hα line. Nevertheless, the following experiment should demonstrate that
the DSRM diagnostic is not restricted to the wavelength of 656 nm, but also other
wavelengths can be used. The Hβ line at a wavelength of 486 nm is used because
its only 18 nm away from the He II line at 468 nm. This line is of relevance for the
CXRS diagnostic which should be built up at ITER to measure the density of the
helium ash in the fusion reactor [Hel05; Jas08; Jas12]. Assuming that the spectral
reflectance does not change considerably in the range between 468 nm and 486 nm,
the DSRM diagnostic potentially can be used to solve the calibration problem of the

47



4.7. SPECTRAL REFLECTANCE MEASUREMENTS AT Hβ

6558.5 6560.5 6562.5 6564.5 6566.5
Wavelength [Å]

0.00

0.02

0.04

0.06

In
te

ns
ity

 [
ar

b.
u.

] Rexp: 0.84

Rlit: 0.75

H

4858.5 4860.5 4862.5 4864.5
Wavelength [Å]

0.00

0.02

0.04

0.06
In

te
ns

ity
 [

ar
b.

u.
] Rexp: 0.56

Rlit: 0.59

H

a) b)

Fig. 4.17: Measured spectra of a Cu mirror in H-Ar mixed plasma with a gas flux
of 40 : 40 sccm. The surface potential for both measurements was Us = −120V.
Both spectra are normalized to the maximum of the passive Balmer line. (a) Spectra
measured for the Hβ line at 486 nm. The reflectance is calculated in the colored areas.
Blue for the blue-shifted component and red for the red-shifted component. (b) Spectra
measured using the same Cu mirror at the position of the Hα line at 656 nm. The
literature values of the reflectance of Cu are taken from Werner et al [WGA09].

CXRS setup. The most promising material for the CXRS first mirror at the moment
is Rh [Mer15; Mer19]. Using the Fresnel equations (Sec. 4.11) and the data given
by [WOL77; Pal98] one can calculate the reflectance of Rh to 0.740 for 468 nm and
0.743 for 486 nm. Thus, by calibrating the Rh mirror at the Hβ line one could also
calibrate the He II line emission (n = 4 → n = 3) of the CXRS diagnostics. It needs
to be noted that all reflectances are calculated at an observation angle of 35◦.
The Hβ line is shown on the example of Cu. The reflectance of Cu at Hα is
R = 0.75 and for Hβ it is R = 0.59, thus the difference between both is 20% which
allows to cross check the reflectance measurement of the same Cu mirror using both
wavelengths (Fig. 4.17). The gas flux of H and Ar for this experiment was adjusted
to 40 : 40 sccm and the surface potential was Us = −120V. For both measurements
the reflectance is calculated using the colored areas in the spectrum. The blue
color is the integral area for the blue-shifted component and the red-shifted area
is integrated in the red colored area, similar to Fig. 4.5. The reflectance at Hα is
determined to 0.84. The difference to the literature value of 0.75 [WGA09] is 11%
and thus inside the accuracy of the DSRM diagnostic. For Hβ the result is even
better with 0.56 compared to the 0.59 in the literature [WGA09]. Here the difference
is only 5%. Note that the reflectance value for Hα in literature can vary strongly
from 0.75 [WGA09] to 0.97 (for Cu thin films) [McP15] compared to Hβ where the
difference is much smaller 0.59 [WGA09] to 0.61 [McP15]. This proves that the
DSRM diagnostic is also able to measure the reflectance at other wavelengths as in
the case of 486 nm. For the CXRS diagnostic at ITER the DSRM diagnostic could
be a promising candidate to measure in situ the reflectance of the first mirror near
the He II line.
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Fig. 4.18: Radial profile scan of a standard H-Ar mixed plasma with a gas flux of
40 : 40 sccm combined with a Langmuir probe measurement of the same plasma. A
Pd mirror with an applied potential of Us = −100V was used. The black dots show
the measured electron density ne using a Langmuir probe. The red data points are
the measured integral of the blue-shifted component. The measured profiles of the
DSRM diagnostic and the Langmuir probe are aligned at their maxima.

4.8 Measurement of the Plasma Profile using the
Emission of Fast Atoms

Taking a closer look to Eq. 4.22 one can see that the integral of the blue-shifted
component should also be sensitive to a change of the electron density ne, assuming
that electron and ion density have the same profile in PSI-2. The intensity of the
shown signal of the electron density in the PSI-2 device is a hollow one [KF04; Kre15]
(Fig. 4.1). Due to the quasi-neutrality of the plasma the ion profile of H ions can
be assumed to be similar to the electron density profile and the DSRM diagnostic
should be able to measure the profile of the PSI-2 plasma as well. Assuming a
spherically symmetric plasma profile, the only difference in the measurement with a
Langmuir probe and the DSRM diagnostic is that the DSRM diagnostic measures in
y direction, whereas the Langmuir probe measures in z direction (for a explanation
of the directions see Fig. 3.1). As a consequence, the intensity of the blue-shifted
emission should be proportional to the electron density. Note that the Langmuir
probe measures the plasma approx. 0.5m in front of the manipulator (see Fig. 3.1).
In Fig. 4.18 the measured integral of the blue-shifted component Ib is depicted

(red dots) combined with a Langmuir probe measurement (black dots). For the
measurements a Pd mirror is used and a potential of Us = −100V was applied. The
plasma was a H-Ar mixed plasma with a gas flux of 40 : 40 sccm. One can clearly
see that the DSRM diagnostic also measures a hollow structure of the plasma. Both
profiles (black and red) are normalized to each other at their maxima. The fact that
the measured signals are in very good agreement proves that the signal of the atoms
is only linearly proportional to the electron density. Unfortunately only the data for
one point at 3.9 cm outside the region is available and for this point the emission
reduces only by a factor of 2 compared to the electron density. The latter drops by a
factor of 4. There are few possible explanations of such behavior at the edge. First,
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due to the low temperature the fraction of H ions increases at the edge compared
to the Ar ions because of the higher ionization potential of the second one. Second,
the plasma potential could be dropped to zero. In this case the kinetic energy of the
ions will be increased and as a result the emission rate could be higher. At the same
time the particle reflection coefficient Rn(E) could be increased too. More detailed
investigations at different materials and a few potentials are required to investigate
the emission as a function of electron density also at the edge of the PSI-2 plasma.
Nevertheless, this measurement is a prove that the assumptions made in Eq. 4.22
are correct as well as the fact that the ions and electrons need to have a similar
density profile.
To conclude, the experiments have not only proven that the assumptions made in Eq.
4.22 are correct but have also shown another application of the DSRM diagnostic.
Knowing all the other variables in Eq. 4.22 except of the ion density of H, the DSRM
diagnostic can be used to measure the absolute ion density of the plasma like shown
in Fig. 4.18. But up to now it is only possible to measure a relative change in the
ion density but no absolute values.

4.9 Polarization of Light by Reflectance at the Mir-
ror Surface

An unexplored application of the DSRM diagnostic is the measurement of polarization
by light reflection at target surfaces. Indeed, until now the plasma polarization
spectroscopy focuses only on polarization by electrical or magnetic fields (Zeeman
effect [Rei17] and Stark effect [BA08]) or due to spatial anisotropy of the plasma
[Fuj99]. Measurements of polarization properties of surfaces exposed to a plasma
are not available. But these kind of measurements are highly needed since the
polarization of the reflected light can be an issue for some diagnostics, e.g. for the
CXRS diagnostics [Mer15]. Due to this reason it is tested if the polarization of the
reflected light from the mirror surface can be measured by the DSRM diagnostic.
The situation of the experimental setup used in this thesis is depicted in Fig. 4.19.
The excited H atom is shown as a yellow sphere moving with velocity v away from the
mirror surface. On the scale of the life time of the excited state τ the atom emits a
photon. The emitted light is not polarized, thus the observed blue-shifted component
should show no polarization. The red-shifted component, interacting with mirror
surface before the detection, is polarized according to the Fresnel equations 4.18
and 4.19. The difference in s and p-polarization is the largest at the Brewster angle
(Eq. 4.21) and thus the experiments were performed as close to the Brewster angle
as possible (θ0 = 75°). Using the Fresnel equations and the data of Werner et al.
[WGA09] one can calculate the Brewster angle of Mo to αB = 79.9° at a wavelength
of 656 nm. At the Brewster angle the difference between s and p-polarization is a
factor of 7, at 75° it is a factor of 5.5 and at 35° it is 1.2 (see Fig. 4.20 (c)).
In Fig. 4.20 (a) and (b) the polarization of reflected light of a Mo mirror is measured
at different line-of-sights, namely at 35° and 75°, which is the highest achievable
angle, due to space limitations at the diagnostic port. To measure the polarization
a polarizer is put in the optical path before the light is coupled into the fiber. The
gas flux for both measurements for the H-Ar mixed plasma was 80 : 80 sccm. For
the measurements in Fig. 4.20 (a) a target potential of −100 V was used, for (b)
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Fig. 4.19: Schematic how the light emitted by fast atoms is polarized at the metallic
surface. The two polarization directions s and p are depicted in different colors, blue
for s-polarization and red for p-polarization. The light emitted by the excited H atom
(yellow sphere) moving with a velocity v away from the mirror surface consists of
both polarization directions. At the surface the light is interacting with the mirror
surface (this can be calculated using the Fresnel equations Eqs. 4.18 and 4.19). At
the Brewster angle only s-polarized light is reflected back from the surface. Image is
created and rendered using the software Blender 3D [Ble18].

it was −120 V. For both experiments the axial manipulator was used in order to
be able to change the observation angle during the measurement (Sec. 3.2.2). The
two spectra are normalized to the blue-shifted component since the direct observed
emission should not be polarized, because it is not interacting with the mirror surface.
As can be seen in Fig. 4.20 (a) the difference between s and p-polarization is only
around a factor of 1.06 at an observation angle of 35°.
After the measurement at 35° the observation angle is changed to 75° in Fig. 4.20 (b).
Now a clear difference by a factor of two is observed, which is a difference of around
60 % to the expected factor of 5.5. The reason is as follows: at θ0 = 75° the overlap
of both distributions functions is strong, which is indicated by the colored lines for
direct and reflected emission. There is only a small amount of each component which
is not disturbed by the other. As a consequence, the observed emission is the sum
of the blue-shifted or unpolarized signal and red-shifted or polarized signal. Because
of that, the difference between RS and RP directly observed from the spectrum is
much smaller than the theoretical expectation. Furthermore, it is not possible to
measure the reflectance out of the spectrum, because of the small region were the
components are not overlapping. These problems will be solved by modeling the
distribution functions in Sec. 4.11. To demonstrate that the DSRM diagnostic can
also measure the polarization of other mirror materials, a W mirror is tested as well
(Fig. 4.21). Comparing Fig. 4.20 (a), (b) and Fig. 4.21 (a) one can conclude that
the DSRM is able to measure the polarization of the reflected light quantitatively.
Like explained in Sec. 4.4.1 it is possible to use the measurement of the polarization of
reflected light to determine a change in the surface morphology. This is demonstrated
in this thesis by measuring the polarization characteristic of a Sn mirror. Sn is used
as a mirror material for two reasons. First, it is a light material (Z = 50), which
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Fig. 4.20: Polarization measurement of a Mo mirror. The applied potential was
−100V for (a) and −120V for (b). The gas flux was 80 : 80 sccm for the H-Ar
mixed plasma and the axial manipulator was used for this experiments. For both
experiments a polarization filter was used before the light, emitted in the plasma, is
coupled into the fiber to the spectrometer. (a) Measured spectra at an angle of 35°.
(b) Measured spectra at an angle of 75°. (c) Theoretical curve calculated using the
Fresnel equations (Eqs. 4.18 and 4.19) with the data from Werner et al. [WGA09].
The color code is similar to (a) and (b) and the black curve is the total reflectance
R = (Rs +Rp)/2.
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Fig. 4.21: Polarization measurement of a W mirror. The applied target potential was
−120V. The gas flux was adjusted to 40 : 40 sccm for the H-Ar mixed plasma. The
axial manipulator was used for the measurements. For both experiments a polarization
filter was used before the light, emitted in the plasma, is coupled into the fiber to the
spectrometer. (a) Measured spectra at an angle of 70°. S-polarization is depicted
in red and p-polarization in blue. (b) Theoretical curve calculated using the Fresnel
equations (Eqs. 4.18 and 4.19) with the data from Werner et al. [WGA09]. The
color code is similar to (a) and (b) and the black curve is the total reflectance R =
(Rs +Rp)/2.
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makes it easy to sputter with Ar and second it has a low melting point of 232 ◦C. The
low melting point makes it easy to change the surface morphology by temperature
[Bal17]. In Fig. 4.22 polarization measurements on the same Sn mirror are shown.
In Fig. 4.22 (a) a new Sn mirror was tested. A target potential of Us = −120 V was
applied and a gas flux of 80 : 80 sccm of H and Ar was adjusted. For the experiment
the axial manipulator was used and the observation angle θ0 was 75°. Analyzing
the spectrum, one can see that the difference between RS and RP is a factor of 1.5
for the polished Sn mirror. As can be seen in the upper left corner of Fig. 4.22
(a) the Sn mirror is well polished with a diamond polish paste with a grain size of
0.5 µm. After this measurement the mirror was heated up to around 170 ◦C and the
polarization properties of the same Sn mirror were measured again (Fig. 4.22 (b)).
The difference between RS and RP is nearly vanished. In the upper left corner one
can see that the mirror surface is degenerated and diffusive in comparison to the
surface before the treatment, which results in the loss of polarization.
To conclude, the DSRM diagnostic is able to measure the polarization of the
reflected light of several mirror materials, namely Mo (Fig. 4.20), W (Fig. 4.21) and
Sn (Fig. 4.22). Note that detailed studies of the morphology by SEM or XPS or its
modification was not performed during this thesis. The main aim was to prove that
measurements of the polarization are feasible at all.

4.10 Temperature Dependence of the Spectral Re-
flectance

The Sn mirror in the previous section was heated up in order to destroy the mirror
surface and change the polarization properties. In this section an Al is heated up
and the spectral reflectance of the surface is measured in situ during the heating
process. The spectral reflectance of a surface depends on the surface temperature,
because the plasma frequency and the electron-phonon collision frequency and thus
the index of refraction are temperature depended [Uji72]. In 1972 Kikuo Ujihara has
developed a model based on the Drude theory and the theory of electron-phonon
scattering. In his calculation he predicts a reduction of the spectral reflectance for
different metals. In Fig. 4.23 his data were digitized using the plot in his paper
and is reploted. One can see that the change of reflection is the largest for Al with
20− 30 %. For the experiments in this thesis Al is chosen as testing material, due
to the following reasons: First, it is frequently used in the experiments. Second, it
is described by the theory of K. Ujihara and the obtained experimental data can be
cross checked with the theory. Third, the change of reflection is the highest for Al
and fourth Al has a the lowest melting temperature of all investigated metals by K.
Ujihara. The melting temperature is important, since only a passive heating by the
plasma is available in the used experimental setup.
At first the Al mirror is mounted onto the radial manipulator and exposed to the
H-Ar mixed plasma with a gas flux of 40 : 40 sccm. The mirror was cooled during
the experiment holding its temperature constant at around 300 K. A potential of
Us = −100 V is applied and the reflectance is measured each minute for 1 h. In Fig.
4.24 (a) the first spectra (black dashed curve) and the last measured spectra after
1 h of plasma exposition (blue solid curve) are shown. Comparing both spectra one
can see that there is only a small difference between both curves and the reflectance
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Fig. 4.22: Polarization measurement of a Sn mirror. The applied potential was
−120V for (a) and −100V for (b). The gas flux was 80 : 80 sccm for the H-Ar
mixed plasma and the axial manipulator was used for both experiments. For both
experiments a polarization filter was placed in the optical path before the light, emitted
in the plasma, is coupled into the fiber. (a) Measured spectra at an angle of 75° of
a polished Sn mirror. In the upper left corner a picture of the measured mirror is
shown. (b) Measured spectra at an angle of 75° of the same Sn mirror after heating
up and sputtering the surface. In the left upper corner the investigated mirror with
the degenerated surface is shown.
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Fig. 4.23: Theoretical calculated temperature dependence of the reflectance of the
metals Ag, Al, Au and Cu at a wavelength of 690 nm. The data is digitized and
reploted from [Uji72].

changed only by 5% (Fig. 4.25 (a)), similar to the Pd mirror in Sec. 4.6. Thus, the
optical properties of the mirror surface did not change during the exposition. After
this experiment the same Al mirror was mounted on the axial manipulator. Again
the gas flux is adjusted to 40 : 40 sccm, the surface potential was set to Us = −100V
and the mirror was exposed to the plasma for 1 h and every minute one spectra is
obtained. But this time the mirror holder is not cooled and thus the temperature of
the Al mirror increases during the measurement up to 600K. Again the first and last
measured spectrum of the Al mirror is shown in Fig. 4.24 (b). A dramatic change
of the red-shifted component is observed. During 1 h the intensity decreases by a
factor of 4 from 0.8 to 0.2. Furthermore, the shape of the Doppler-shifted component
changes as well. This means that the mirror surface of the Al mirror is changed
during the heat treatment.
In Fig. 4.25 (a) the measured reflectance of the cooled mirror (blue data points), of
the heated mirror (red data points) and the theoretical curve of Ujihara (black dashed
curve) are shown. The red and black data points are plotted versus temperature,
the blue data points versus time (because the temperature of the blue data points
is constant at around 300K). The reflectance for the cooled mirror stays constant
within the error bars, which is expected comparing the first and last measured
spectrum (Fig. 4.24 (a)). To understand and explain the reflectance behavior of the
heated mirror also Fig. 4.25 (b) needs to be taken into account. In Fig. 4.25 (b) the
measured reflectance versus the exposure time of the mirror to the plasma is shown
in red (belonging to the red y-axis). The black data points represent the measured
temperature of the mirror surface using a thermocouple between manipulator and
mirror (belonging to the black y-axis). The green data points are the integrals over
two different Al lines, namely at 394.40 nm and 396.15 nm (belonging to the green y-
axis). These lines were measured using a second spectrometer at PSI-2. The integral
over the spectral lines should be a good measure of the Al sputtering during the
measurement. Comparing Fig. 4.25 (a) and Fig. 4.25 (b) the following observations
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Fig. 4.24: Measured spectra of an Al mirror. For both experiments the gas flux was
adjusted to 40 : 40 sccm and the applied surface potential was Us = −100V. In both
experiments the Al mirror was exposed for 1 h to the plasma. (a) For this experiment
the radial manipulator was used and the mirror temperature was hold constant at
about 300K during the exposition. (b) For this experiment the axial manipulator was
used and the mirror was heated up to about 600K during the exposition.

are made. At the beginning of the measurement the reflectance of the heated mirror
is the same as for the cooled mirror. For the first 10min or up to a temperature of
around 440K the reflectance of the headed mirror stays constant within the error
bars. After 10min the slope of the reflectance changes and decrease about 15% from
0.81 to 0.7. This decrease between 380K− 500K is in a good agreement with the
calculations of Ujihara (compare Fig. 4.25 (a)) [Uji72; CCN77]. At around 500K or
20min after the experiment starts the reflectance drops rapidly by 70% to a value of
0.21 in a time interval of 25min. After the rapid drop the reflectance stays constant
at 0.21 within the error bars for the rest of the experiment. This extreme decrease
of reflectance cannot be explained with only the change of temperature of the mirror
surface (Fig. 4.25 (a)). The increase of erosion at the surface of Al is responsible for
the strong decrease in reflectance (Fig. 4.25 (b)). The integral of the spectral line of
the two observed Al lines became stronger by a factor of 5− 10 within 15min. The
ratio between two integral equals to two, as both lines are originated from the same
upper level [Kra18]. Quite remarkable is the delay between erosion and decrease
of the reflectance, since the erosion starts 5 − 10min earlier. The reason is that
a layer of ≈ 1 μm needs to be removed by Ar sputtering, before an effect on the
spectral reflectance can be observed. After this experiment the mirror surface was
completely destroyed and diffusive [Dic18b]. Thus, the second phase of decrease of
the reflectance cannot only be explained by temperature but also by an increase of
sputtering and thus a mixture of both effects. In the lab after the experiment a
reflectance value of the 0.19 was obtained for the destroyed Al mirror. This proves
that even for a diffusive mirror the DSRM diagnostic provides reasonable results.
The strong decrease of the reflectance reveals a problem of these kind of experiments.
Experiments measuring the spectral reflectance at elevated temperature are very rare
and are normally performed using lasers [Min17]. In this experiment the plasma
itself was used as a heating source, which works good if the temperature is not too
high (for Al below 500K). But then also sputtering needs to be taken into account
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Fig. 4.25: (a) Comparing the temperature dependence of the reflectance of a cooled
(blue data points) and a heated mirror (red data points) with the theoretical calcu-
lations of Ujihara [Uji72]. (b) Comparing the reflectance dependence of the heated
mirror (red data points) with the measured temperature curve (black data points) and
the calculated integral of two spectral lines of Al at 394.40 nm and 396.15 nm (green
data points). (Images taken from [Dic18b])
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and the change of reflectance is caused by both effects simultaneously, which makes it
impossible to extract only the temperature part out of the decrease. Therefore a new
kind of target holder needs to be designed which is able to heat the mirror directly
without using the plasma as heating source. Then it should be possible to measure
only the change of the reflectance by temperature with the DSRM diagnostic.
Beside the in situ surface degradation of mirrors at elevated temperatures this kind of
experiment can also be used to prove the temperature stability of reflectance inside a
certain temperature range. Again Rh is taken for this experiment as mirror material
because the temperature stability of the spectral reflectance for Rh is important
for the CXRS diagnostic at ITER [Mer19]. In the following a Rh polycrystalline
mirror was exposed to a 40 : 40 sccm H-Ar mixed plasma. For this experiment the
axial manipulator is used in order to be able to heat up the mirror. The mirror was
heated up from around 460 K to 650 K within 27 min. For the experiment a surface
potential of Us = −100 V is applied and a Doppler-shifted spectrum is recorded each
30 s. Compared to Al the reflectance of Rh stays constant within the error bars of
around 3 % over the total temperature range. Furthermore, the experiments show
that the reflectance of Rh is stable at the expected in-port temperature for the first
mirrors in ITER, which is expected to be 533 K [Kri15]. This result is important
for the design of the CXRS diagnostic at ITER [Mer19]. The first idea is to explain
this difference in behavior by the different atomic masses Al (Z = 13) and Rh (Z
= 45) and thus a different sputtering yield. But the values found in literature are
nearly equal with 10−1 atoms/ion for Ar sputtering at an energy of 100 eV [Eck07;
LW61]. As a consequence, the reason for different temperature dependence of both
materials need to be a different one. One possible explanation could be the different
melting points of both materials. The melting point of Al is 933 K and for Rh 2237 K
[Lid05]. Thus, the maximum temperature of 600 K is only 333 K away from the
melting point of Al, whereas the difference to Rh is 1637 K. It is already observed
for Cu and Ag that at temperature around 70 % of the melting temperature Tm
and larger temperatures, the surface of the materials changes due to evaporation
[Boh86]. Assuming the same critical point of 0.7Tm for Al and taking into account
that the temperature of the mirror is measured at the backside of the mirror and not
at the exposed front side it is possible that this critical point is reached during the
measurement. Thus, the decrease in reflectance and the increase of the line intensity
of the Al lines can be explained by evaporation which enhances the sputtering yield
[Gus03; Doe05].
In this section it was shown that the DSRM diagnostic is even able to measure
the degradation of the mirror surface in situ. Using the example of an Al mirror
one observes that the reflectance of a cooled Al mirror is not effected by the plasma.
Whereas if the mirror is heated up to a temperature of 600 K the surface degenerate
and the reflectance decrease rapidly by 75 % from 0.81 to 0.21 (Fig. 4.24). At the
beginning of the decrease between 380 K− 500 K it is in a good agreement with the
theoretical description of Ujihara [Uji72]. For higher temperature the sputtering
of Al increase, which is proven by measuring the intensity of two Al spectral lines,
namely 394.40 nm and 396.15 nm. The enhanced sputtering leads to a rapid drop
of the reflectance, which cannot longer be explained by only temperature effects
(Fig. 4.25 ). For the Rh mirror no temperature dependence of the reflectance can be
observed in the temperature range between 460 K and 650 K. This can be explained
with the higher melting temperature of Rh compared to Al and thus an increase
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Fig. 4.26: Temperature stability measurement of a polycrystalline Rh mirror. The
mirror was heated up to around 650K in 27min by plasma heating. The surface
potential was −100V and the gas flux was adjusted to 40 : 40 sccm. The exposure
time was set to 30 s. For this experiment the axial manipulator was used.

of evaporation at the Al surface close to the melting point [Boh86; BE93]. Thus,
the sputtering of the mirror surface is enhanced at higher temperatures. In this
experimental setup it is not possible to distinguish between evaporation effects and
physical sputtering by Ar+ ions.

4.11 Modeling of the Doppler-shifted Emission Pro-
files

To understand the physical processes behind the Doppler-shifted emission better and
to calculate the reflectance values also for the polarization experiments a new model
is needed which can described the Doppler-shifted emission at all possible observation
angles. The model developed by Phelps is limited to only two observation angles
[Phe09]. Furthermore, Phelps describes the red-shifted emission of the fast atoms
by the emission of ions in the sheath, which is hardly applied for the experimental
conditions in this thesis. Therefore a model was developed which can describe the
Doppler-shifted emission profiles including light reflection. Eq. 4.22 describes the
dependency of the intensity of the blue-shifted component on the ion density Ni, the
particle reflection coefficient RN , the density of Ar nAr,Ar∗ and the rate coefficient of
the excitation 〈σ(E0)

√
E0〉. The same applies for the red-shifted component, but the

intensity needs to be additionally multiplied with the spectral reflectance R of the
used mirror material. To calculate the emission of the Doppler-shifted components
one focuses on the blue-shifted component first. To model the observed emission
profile an integration over the complete hemisphere of particles in front of the mirror
needs to be done. Therefore the following integral is solved [Dic19a]

εb (Δλ) =

∫
v

f(v)〈σv〉dv3 , (4.23)

where εb (Δλ) is the emission at the Doppler-shifted wavelength Δλ compared to the
unshifted wavelength λ0 and 〈σv〉 is the excitation rate coefficient for the interaction
between H atoms with energy E and Ar atoms. The Doppler-shift is calculated
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with ∆λ/λ = veθ0/c, with the unit vector eθ0 along the LOS, the velocity of the
backscattered atoms v and the velocity of light c. f(v) is the normalized distribution
function of the backscattered atoms (

∫
v
f(v)dv3 = 1). For the interaction of Ar and

H the rate coefficients are calculated using Eq. 4.24 [Dic19a] and the cross section
calculations of Van Zyl et al. [Van80].

〈σv〉(E) = exp
(
−
(a0
E

)
a1

)
· (a2 + a3 log10(E)) , (4.24)

where a0, a1, a2 and a3 are free parameters. To solve the integral in Eq. 4.23
the assumption is made that the distribution function f(v) can be separated in an
angular part f1(θ) and a kinetic part f2(v)):

f(θ, E) = f1(θ) ∗ f2(E) (4.25)

For the angular function a power cosine distribution (Eq. 2.6) is used which is
proposed by Eckstein and Biersack [EB85]. The energy distribution is modulated by
Eq. 2.8 which reproduces the calculated TRIM spectrum in Fig. 2.3. Both functions
are already discussed in detail in Sec. 2.2.
Putting everything together, the model is tested for the polarization measurements
of the W mirror, already presented in Sec. 4.9 and for comparison also with the
measurement at 35°. In Fig. 4.27 the result of the modeling process of the mea-
surement at a LOS of 35° is shown and in Tab. 4.1 the reflectance values obtained
by the model are presented. The fitting parameter b for the angular distribution
and β for the energy distribution obtained by the fit are shown in Tab. 4.2. For
the measurement a surface potential of −120 V was applied, the gas flux was ad-
justed to 40 : 40 sccm and the neutral gas pressure in the exposition chamber was
4.4× 10−2 Pa. It is found that the model already gives a good description of the
Doppler-shifted emission although not all interactions leading to the Doppler-shifted
emission are included. The model does not consider the fine structure of the Doppler-
shifted emission, the magnetic field of B = 0.1 T or the contribution of fast atoms
created out of H+

2 ions. The local minimum close to the passive Hα line is not an
error in the model, but shows the importance of the emission of fast atoms created
out of former H+

2 ions. The reflectance value obtained by the fit is R = 0.53, which
agrees with the value of R = 0.53 of Werner et al [WGA09]. The DSRM diagnostic
has measured a value of R = 0.59, which is a difference of 10 % and a difference of
3 % to the value obtained by Minissale et al [Min17]. Thus the model can also be
used to determine the spectral reflectance with a good accuracy out of the measured
spectrum at an observation angle of 35°.
Even more important are polarization measurements at a higher observation angles

(Fig. 4.28). The experimental conditions are the same like before only the observation
angle was changed to 69°. Again the spectra is fitted and the obtained reflectance
values are shown in Tab. 4.1 and the fitting parameters in Tab. 4.2. It turns out
that also for the polarization measurements the model can fit the experimental data
quite well. The blue-shifted component is in good agreement with the experiment
except of the part were the H+

2 ions contribute to the emission profile. But it seems
difficult to fit the red-shifted component at a higher observation angle. A reason for
this could be that the plasma is not symmetrical anymore at an angle of 69°. The
plasma symmetry is not included in the model and thus its effect on the geometry
of the blue and red-shifted component is neglected. Nevertheless, the agreement

61



4.11. MODELING OF THE DOPPLER-SHIFTED EMISSION PROFILES

6558 6560 6562 6564 6566
Wavelength [Å]

0.0

0.1

0.2

0.3

In
te

ns
ity

 [a
rb

.u
.]

Data
Model

Fig. 4.27: Experimental spectrum of Hα using a W mirror (black dots) measured
under an observation angle of 35° and fitted with the developed model (red curve).
For the experiment the target potential was set to −120V. The gas flux was adjusted
to 40 : 40 sccm and the neutral gas pressure was 4.4× 10−2 Pa.

RS RP R
Model 35° - - 0.53

Werner et al 0.59 0.46 0.53
Minissale et al - - 0.55

Model 69° 0.68 0.08 0.38
Werner et al 0.80 0.19 0.49

Table 4.1: Comparison of fitted reflectance values and data taken from [WGA09]
and [Min17].

Model b β
Fit 35° 0.2 1.6

Fit 69°, RP 0.2 1.4
Fit 69°, RS 0.2 2.1

Table 4.2: Fit parameters of the different fitted spectra.
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Fig. 4.28: Experimental data of a W mirror (black dots) measured under an observa-
tion angle of 69° and fitted with the developed model (red curve). For the experiment
the surface potential was set to −120V. The gas flux was adjusted to 40 : 40 sccm
and the neutral gas pressure was 4.4× 10−2 Pa. (a) Spectrum of the measurement of
RS. (b) Spectrum of the measurement of RP .

between fitted reflectance values and values taken from literature is in the range of
10−15%, except of the data for RP . Here again it seems difficult to measure the low
spectral reflectance experimentally, similar to C. One can conclude that with this
model it is now possible to measure also the polarization components RS and RP

with the DSRM diagnostic by modeling the Doppler-shifted components, because
the calculation of the spectral reflectance does not depend on the exact values of b
and β. Nevertheless, the model still have some issues which will be discussed in the
following.
During the fitting process it turns out that if only one LOS is taken into account,

more than one solution for b and β can fit the experimental data in a good agree-
ment. The reason is that several combinations of angular and energy distribution
can describe the observed Doppler-shift. Thus, at least a second LOS is needed in
order to reduce the possible combinations of b and β. As can be seen in Tab. 4.2 b is
held constant at 0.2 between the measurements of 35° and 69° so that the variation
of β is as small as possible for all fitted spectra, as can be found in [Dic19a]. This is
the only solution that fits the experimental data for all three measurements and is
thus the unique solution to describe the observed experimental data. However, the
TRIM code predicts a much higher value b = 1.5 (TRIM calculations of D. Reiter)
for H on W with an incident energy of E0 = 100 eV [EB85]. The difference between
the model and TRIM calculations could be explained by penetration of H or Ar into
the target e.g. retention of H, but it is still not clear. Compared to the results of
Phelps et al. (b = 0.6, at E = 2keV) [Phe09], (b = 0.6, at E = 4.5 keV) [Lan84]
and (b ≈ 1, for E > 5 keV) [VEB80] the result of b = 0.2 shows at least a consistent
trend: by decreasing the energy of H atoms the distribution becomes broader. Again
it is still not clear if the retention of H in the target and destruction by Ar+ plays
any role. Thus, further investigations on this topic are highly needed in the future.
Nevertheless, the spectral reflectance can be calculated out of spectrum independent
from the exact values of b and β, which is important for the DSRM diagnostic.
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4.12 Gas and Pressure Scan of Different Mixed
Plasmas with Ar, Kr and Ne

In a mixed plasma fast H atoms cannot only be excited Ar atoms, but also by other
nobles gases like Ne or Kr [LM93]. The experiments on the fast H atom emission in
mixed plasmas with Ne, Kr and Ar were performed by Lavrov et al at a pressure of
2.6× 102 Pa, which is a factor of 104 higher compared to the condition used in this
thesis. Again, for low density plasmas (p < 1 Pa) no experimental data is available.
Therefore, the Doppler-shifted emission of fast H atoms is also tested in a H-Ne
and H-Kr mixed plasma at the low density of the PSI-2 device and the results are
compared to the measurements in H-Ar.
In Fig. 4.29 the experimental data for different plasma mixtures of H-Ar, H-Kr and
H-Ne are presented. All measurements are performed using a Pd mirror at a negative
potential of −100 eV. The gas flux and the composition was varied in a way that
the neutral gas pressure in the exposition chamber stays nearly constant at around
4× 10−2 Pa. The experiment shows that Ar has the highest signal intensity of the
Doppler-shifted emission, compared to Kr and Ne. Furthermore, one can see that the
highest signal is achieved if a factor of 2− 3 more Ar than H is used in the mixture
(20 : 50 or 30 : 60), but on the other hand the passive Hα component is reduced
compared to an equal composition (40 : 40, red curve). For this configuration the
Doppler-shifted emission is only a factor 1.2 less, but the intensity of the passive
component increases by a factor of 2, which results in a better signal-to-noise ratio.
For Kr the highest intensity for the Doppler-shifted components are achieved if only
a little amount of Kr is mixed into the H plasma (60 : 05) or if a low gas flux of
H and Kr is used but with the same amount of both gases (10 : 10). For Ne the
Doppler-shifted emission is a factor of 14 weaker than for Ar and is not further
investigated.
In Fig. 4.31 the spectrum for each noble gas with the highest signal-to-noise ratio
is depicted. The plasma parameters for the three measurements are summarized in
Tab. 4.3. It is clearly observed that the intensity of the Doppler-shifted emission is
a factor of 3 − 5 higher by using Ar compared to Kr. The plasma parameters like
ne, Te and p are comparable for both measurements as can be seen in Tab. 4.3 and
Fig. 4.30. Therefore, the difference in the gas fluxes cannot explain the different
signal intensity. This difference in the intensity of the Doppler-shifted Hα emission
in a H-Ar and H-Kr plasma is also observed in other experiments [LM93] and also
in D mixed plasmas [Bra17]. To answer this open question, the cross section for
excitation by the ground state is taken into consideration, since excitation by the
ground state is the most common kind of interaction. In Fig. 4.32 the cross sections
for the excitation to H(n = 3) by Ar [Van80], by He [VGN83], by Ne [VGN85], by
Kr and Xe [VNG86] are shown. It is found that the excitation cross section for Ar
and Kr are nearly equal in the energy range of 80 eV− 200 eV, which is not expected
taking the experimental observations into consideration. The excitation cross section
of Ne and He is a factor of 10 less compared to Ar and Kr. Thus, the difference of
the experimental data cannot be explained by ground state excitation.
Beside ground state excitation also other processes are known to excite H atoms in

a mixed plasma. Clyne et al. have found that H can be excited by metastable Ar to
H(n = 2) [CM77; Cly80]. The energy band diagram of this reaction is shown in Fig.
4.33. In this interaction metastable Ar and H built an excimer molecule for a short
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Fig. 4.29: Hα spectrum obtained in different mixed plasmas of H-Ar (a), H-Kr (b)
and H-Ne (c). For all measurements a Pd mirror was used with a negative target
potential of −100V. The gas flux was varied under the condition that the neutral gas
pressure in the exposition chamber stays constant. To make the spectra comparable
the measured signal of each spectrum is divided by the exposure time of the camera.
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Fig. 4.30: Langmuir probe measurement of the H-Ar (40 : 40 sccm) and H-Kr
(55 : 15 sccm) mixed plasmas. The neutral gas pressure was p = 3.9× 10−2 Pa and
p = 4.1× 10−2 Pa, respectively. In (a) the electron density and in (b) the electron
temperature is shown.
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Fig. 4.31: Comparison of the Hα emission spectra of three different gas mixtures,
namely H-Ar, H-Kr and H-Kr. The used composition and gas flow of the measurement
is given in the graphs legend (the unit is sccm). For all measurements a Pd mirror
was used and the target potential was −100V neutral gas pressure in the exposition
chamber was 3.9× 10−2 Pa for Ar, 4.1× 10−2 Pa for Kr and 2.6× 10−2 Pa for the
measurement with Ne.

Plasma Gas flux [sccm] ne [cm−3] Te [eV] p [Pa]
H-Ar 40 : 40 1.8× 1011 4 3.9× 10−2

H-Kr 55 : 15 1.9× 1011 4 4.1× 10−2

H-Ne 40 : 130 1.6× 1011 4 2.6× 10−2

Table 4.3: Plasma parameters of the different gas configurations in Fig. 4.31.
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the metastable states of Ar and Kr are shown. The data is taken from the NIST
database [Kra18].
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time if they are brought close together (inter nuclear distance < 5a0 where a0 is the
Bohr radius). After this formation the molecule diffuses again in H∗(n = 2) and Ar
in the ground state. Clyne has called this process non-adiabatic potential crossing
(Fig. 4.33).
He proved this excitation process for the Lyman-α line, but the overall principle
could be the same for the Balmer-α line. Taking the Grotian diagram for H, Ar and
Kr into account, one found that the n = 3 state is close to the metastable levels of
Ar (the energy difference is only around 0.5 eV and −1.5 eV to the n = 2 level (Fig.
4.34) in comparison to other gases). As a consequence, the interaction between H
and Ar∗ to excite H to the level n = 3 should be an endothermic process compared to
the exothermic process for the Lyman-α line (n = 2). The energy difference between
H(n = 3) and the Kr metastable state is around 1.5 eV and thus a factor of 3 greater
compared to Ar. This could explain the difference in the signal intensity which is
observed in Fig. 4.31. As a consequence, it is possible that the fast H atoms are
excited by Ar in the metastable state rather than in the ground state, but theoretical
calculation for excitation of H atoms by Ar atoms in the ground state or metastable
fraction is until now not available. To give an answer about the excitation process
of H by Ar, a TDLAS system is installed at the PSI-2, to measure the metastable
density in the plasma and to study the interaction between H and Ar further.
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CHAPTER 5

MEASUREMENTS OF METASTABLE
AR IN PSI-2

The results of the emission of fast atoms in the PSI-2 plasma have demonstrated
that in addition to excitation by the ground state of Ar (Ar+H → H∗(n = 3) +Ar)
also the excitation transfer between the metastable states of Ar and H (Ar∗ +H →
H∗(n = 3) +Ar) could be considered as the leading reaction increasing the Doppler-
shifted emission of the Hα line. The population of metastable levels cannot be
measured by OES, therefore other diagnostics have to be involved. One of the most
used diagnostics to measure the density of a species in a gas or plasma is the Tunable
Diode Laser Absorption Spectroscopy (TDLAS). In this thesis TDLAS is used to
measure the metastable Ar density in the PSI-2 and the results are discussed in the
following.
Sec. 5.1 and Sec. 5.2 deal with the theory of TDLAS and the setup of such a system
at the PSI-2 device. In Sec. 5.3 the impact of the magnetic field on the absorption
profile is investigated and how the Zeeman splitting can be used to determine the
magnetic field of the PSI-2 device. In Sec. 5.4 the metastable density in a pure
Ar plasma is determined, a radial scan is performed in order to obtain the radial
distribution of the metastable density in a pure Ar plasma and the obtained values are
cross checked by theoretical calculations. Last in Sec. 5.5 the influence of hydrogen
in a pure Ar plasma is examined as well as the influence of the laser beam on the
Doppler-shifted emission on the Hα line.

5.1 Theoretical Aspects of Tunable Diode Laser Ab-
sorption Spectroscopy (TDLAS)

The Tunable Diode LaserAbsorption Spectroscopy (TDLAS) is a routine technique
to measure the temperature and density of gases and molecules using a tunable laser
in different kind of scenarios [Kun02; Nie10; Nie12]. The laser frequency (wavelength)
is tailored to fit for a certain line transition in the atom or molecule species that
should be analyzed. A schematic picture of a TDLAS system is shown in Fig. 5.1. In
this thesis a TDLAS system is used to measure the density of metastable Ar atoms
in the PSI-2 device. The diagnostic measures the absorption of the laser beam in
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Laser Detection

Plasma

Fig. 5.1: Schematic picture of a TDLAS system to measure the density of a species.

the gas or plasma described by the Beer-Lambert law (Eq. 5.1) [Nie10; Sad04]:

T (ν) =
I(ν)

I0(ν)
= exp(−α(ν) · L) , (5.1)

where T (ν) is the transmittance signal at frequency ν, I(ν) and I0(ν) are the intensity
at frequency ν with and without absorbing species, α(ν) is the absorption coefficient
and L is the absorption length of the laser signal. The absolute concentration of
a species ns can be calculated using the total transmittance and the Beer-Lambert
law. Four different measurements need to be performed in order to avoid influence
by the experimental setup and the diagnostic itself (e.g. transmittance of windows
in the optical pass or plasma properties) [Nie10]:

L(ν) - Plasma and Laser on,
L0(ν) - Plasma off, Laser on,
P (ν) - Plasma on, Laser off,
B(ν) - Plasma and Laser off.

(5.2)

The total transmittance can be calculated with the following formula:

I(ν)

I0(ν)
=

L(ν)− P (ν)

L0(ν)−B(ν)
(5.3)

The absorption coefficient α in Eq. 5.1 is connected to the total population of
metastable atoms by

α(ν) =
e2

4ε0cme

fifNiF (ν) , (5.4)

where e is the elementary charge, ε0 is the dielectric constant, c is the velocity of light,
me is the electron mass, fif is the oscillator strength of the investigated transition
from state with quantum number ni to nf , Ni is the density of the lower level and
F (ν) is the normalized function representing the absorption line shape [Nie10]. The
area S under the line-integrated absorption curve can be connected to the metastable
density by Eq. 5.5: ∫ ∞

0

ln

(
I0(ν)

I(ν)

)
dν = S =

e2fifL

4ε0mec
Ni (5.5)

The total metastable density can then be calculated out of the experimental data
with Eq. 5.6:

Ni =
4ε0mec

e2fifL
S (5.6)
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Fig. 5.2: Schematic of the TDLAS setup at PSI-2.

5.2 TDLAS Setup at PSI-2

The TDLAS diagnostic at PSI-2 was built up in cooperation with the Institute of
Experimentalphysik V at the Ruhr University Bochum and is schematically shown
in Fig. 5.2. The laser source is a tunable diode DLpro laser from Toptica with
an output of 70mW at 763.5 nm. The wavelength range of the laser is between
750 nm− 795 nm and can be adjusted freely by varying the diode temperature and
the grating position. During a measurement the laser wavelength is scanned in the
range of 1 nm to measure the absorption signal as a function of the laser wavelength.
To monitor the actual wavelength of the laser during the measurement it is checked
using a wavemeter WS-6 produced by HighFinesse by splitting up the laser beam in
the ratio 99 : 1. 99% are guided with a fiber to the PSI-2 device and 1% is guided
into the wavemeter. The wavemeter has a precision of around 0.1 pm. The laser
beam is coupled into a fiber and transported to the PSI-2 device, where it is coupled
out and transmitted through a filter wheel with different gray filters (as shown in
Fig. 5.2). With the gray filters the laser intensity, which is coupled into the plasma,
can be adjusted. The used plasma in the PSI-2 device is an Ar plasma with a gas
flow of 40 sccm. The plasma characteristics measured with a Langmuir probe are
shown in Fig. 5.3.

If the laser wavelength is close to the wavelength of the line transition, the laser
pumps electrons from the metastable level into a higher energy level (for more
explanation see Sec. 5.1). The following experiments focus on the Ar I transition
from 1s5 → 2p6 with a wavelength of 763.5106 nm in air. As a consequence, laser
power is absorbed in the plasma and the reduction of the signal can be measured.
Behind the plasma the laser beam is chopped up with a chopper wheel to modulate
the laser beam and analyze the resulting signal with a Lock-in amplifier (Ortholoc
Model 9502). The frequency of the chopper wheel can be freely adjusted between
1Hz and 1 kHz with a precision of 1Hz. The modulated signal is measured with a
photo diode and analyzed using the Lock-in amplifier. In front of the photo diode
an aperture and an interference filter are mounted to filter out all wavelengths which
are not close to the transition wavelength of 763.5106 nm. The Lock-in amplifier
uses the signal of the chopper wheel as the reference signal Vref = Vr sin(ωref t+θref ),
where Vr is the amplitude of the reference signal, ωref is the frequency of the chopper
wheel and θref the phase of the chopper wheel. The input signal of the Lock-in
amplifier Vinp = Vsig sin(ωsigt + θsig) is measured by the photo diode. By using a
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Fig. 5.3: Langmuir probe measurements of the Ar plasma used for the TDLAS
measurements at PSI-2. The neutral gas pressure was p = 3.4× 10−2 Pa. In (a) the
electron density is presented and in (b) the electron temperature.

Configuration J Paschen E [eV]
3s23p5(2P3/2)4s 2 1s5 11.55
3s23p5(2P3/2)4s 1 1s4 11.62
3s23p5(2P1/2)4s 0 1s3 11.72
3s23p5(2P1/2)4s 1 1s2 11.83
3s23p5(2P3/2)4p 1 1p10 12.90
3s23p5(2P3/2)4p 3 1p9 13.08
3s23p5(2P3/2)4p 2 1p8 13.09
3s23p5(2P3/2)4p 1 1p7 13.15
3s23p5(2P3/2)4p 2 1p6 13.17
3s23p5(2P3/2)4p 0 1p5 13.27
3s23p5(2P1/2)4p 1 1p4 13.28
3s23p5(2P1/2)4p 2 1p3 13.30
3s23p5(2P1/2)4p 1 1p2 13.33
3s23p5(2P1/2)4p 0 1p1 13.48

Table 5.1: Electronic configuration and Paschen notation shown for the lowest
excited levels of Ar [Kra18].
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Fig. 5.4: Grotian diagram of Ar showing the ground state, the first 14 excited levels
in Paschen notation and the ionization limit taken from NIST database [Kra18].
The transition from 1s5 to 2p5 is pumped by the laser to measure the metastable
Ar density (shown with the red arrow). The black arrows represent the production
channel (electron excitation) and the dashed arrows the considered loss channels
(electron excitation in resonant states, electron impact ionization and not shown here
diffusion) for the 1s5 state.
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phase-sensitive detector (PSD) the output signal can be measured as the product of
both signals [Sys11]:

Vout =VrVsig sin(ωref t+ θref ) sin(ωsigt+ θsig) (5.7)
=0.5VrVsig cos([ωsig − ωref ]t+ θsig − θref )−

0.5VrVsig cos([ωsig + ωref ]t+ θsig + θref )

The output are two AC signals, one with the difference frequency ωsig − ωref and
one with the sum frequency ωsig + ωref . By passing the output signal through a low
pass filter the AC signals are removed. In this case no signal will be left. Assuming
ωsig = ωref the difference signal turns into a DC signal [Sys11]. If the signal is
multiplied again with a reference signal shifted by 90°, the result after the low pass
filter is:

Vout = 0.5VrVsig sin(ωsig − ωref ) ∝ Vsig sin(θ) , (5.8)

where θ = ωsig − ωref . Now two outputs are possible, which are called X (in-phase
component) and Y (quadrature component) [Sys11]:

X = Vsig cos(θ) Y = Vsig sin(θ) . (5.9)

Defining both quantities in a polar coordinate system, also the length R and the
phase θ can be expressed as:

R =
√
X2 + Y 2 θ = tan−1

(
Y

X

)
. (5.10)

The Lock-in amplifier used in this thesis can measure all four quantities X, Y , R and
θ. For the results presented in the following R is measured, because it is independent
of the phase θ. The Lock-in amplifier allows to change the sensitivity of the detection,
offsets of the signals and amplification, thus in order to get the actual input voltage
the output voltage needs to be converted using Eq. 5.11 [Sys11]:

Uout [V] =

(
Uin [V]

fsens [V]
− Uoffset [V]

)
× fexpand × 10 V , (5.11)

where Uin is the input signal, fsens is the sensitivity, foffset is the adjusted offset
with a maximum of 10 V and fexpand is the amplification of the output which can
be a factor of 1, 10 or 100. The Lock-in signal is depicted on an oscilloscope and
further analyzed to obtain the metastable density out of the absorption signal.
The principle of the measurements are as follows. The oscilloscope measures the
piezo voltage and laser absorption signal of the plasma measured with the photo
diode. At the same time the wavemeter measures the wavelength of the laser as a
function of piezo voltage as the laser wavelength cannot be detected by oscilloscope
directly. The conversion process is described in detail in the following.
The laser wavelength is analyzed by the wavemeter and the result can be displayed
on the computer (Fig. 5.5 (a)). The wavelength is changed by sweeping the voltage
of the piezo crystal, which changes the angle of the internal grating. The voltage
characteristic of the laser is measured with the oscilloscope (Fig. 5.5 (b) black curve).
Unfortunately it is not possible to display the wavemeter output on the oscilloscope
as well. Therefore, a relation between the voltage amplitude of the piezo signal and
the wavemeter measurement has to be made (this is indicated by the red circles and
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Fig. 5.5: Schematic of the x-axis conversion of the oscilloscope using the data
measured by the wavemeter. The spectrum is measured in an Ar plasma with a
gas flow of 40 sccm. The plasma characteristics are shown in Fig. 5.3. (a) Data
obtained by the wavemeter during the voltage sweep of the piezo crystal. (b) Voltage
characteristic of the piezo crystal and absorption signal measured with the photo diode
and the Lock-in amplifier visualized with the oscilloscope. (c) The same absorption
signal like in (b), but plotted with the converted x-axis.

lines). The maximum in the piezo voltage is also the maximal wavelength which can
be achieved. Assuming a linear relation between piezo voltage and wavelength, the
temporal evolution of the piezo voltage is recalculated into the wavelength or the
frequency of the laser (Fig. 5.5 (c), the blue signal is the measured absorption signal
of the photo diode and the Lock-in amplifier).

5.3 Impact of the Magnetic Field on the Absorption
Profile of the Metastable Density

In the previous chapter the Doppler broadening dominates over all other possible
broadening mechanisms in PSI-2 for the H atom. However, for the Ar atom the
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METASTABLE DENSITY

situation is different as the Doppler broadening of Ar is a factor of 1/
√

40 less, at the
same gas temperature. Therefore, one has to investigate if for instance the Zeeman
effect could be neglected as in case of H. Thus, the theoretical Zeeman pattern for
the transition from J = 2→ J = 2 is calculated using Eq. 2.34 and is shown in Fig.
5.6. For the 1s5 level a Landé factor of g = 1.506 and for the 2p6 level g = 1.305
is used (taken from the NIST database [Kra18]). The x-axis is the energy shift of
the lines with respect to the unshifted line in units of µBB and the y-axis is the
relative intensity of the lines. The theoretical profile demonstrates the following: the
π-components are in the center of the transition line, whereas σ+ or σ− lines are at
the blue or red-shifted wavelengths of the spectral line.
Before the experimental data can be fitted, the linear background of the measured
data is removed. After this step the data is fitted using eight Gaussian functions
(Eq. 5.12), one for each Zeeman component [Dic19b].

I(ν) =
∑
i

Ai exp

(
−
(
ν − ν0,i√

2σi

)2
)

, (5.12)

where Ai is the amplitude, νi is the center position and σi is the width of component
i. The first component (which is always the left one in Fig. 5.7 (c)) is fitted freely.
For the other components different constrains are defined and the magnetic field B
is added as an additional fitting parameter:

1. For the intensity of the components Ai: Ai,i6=0 =
∑8

i=1
Ir,i
Ir,0
·A0, where Ir is the

theoretical relative intensity of each component.

2. For the center position ν0,i: ν0,i = ν0,0 + |Er,0 − Er,i| · µB
h·1012 · B, where Er,i is

the theoretical relative energy shift and B a fitting parameter for the magnetic
field.

3. For the width σi: σi = σ0

The constrains for the intensity Ai and the center position ν0,i follow directly from the
theoretical Zeeman pattern for the observed transition according to Eq. 2.34. With
the last constrain for the width σi the same temperature for all components is set. As
a consequence, the number of free fitting parameters reduces to four, namely A0, ν0,0,
σ0 and B. The other parameters are bound by the constraints to these four. In order
to measure the Zeeman splitting experimentally, a polarization filter was installed
between the photo diode and the chopper wheel [Dic19b]. The results of the TDLAS
measurements and the fit of the σ-components are shown in Fig. 5.7. The variation
of the magnetic field in the PSI-2 plasmas is achieved by a variation of the coil current.
The standard current I0 for the six magnetic coils are shown in Tab. 5.2. In Fig. 5.7
the fitted Zeeman spectrum on the experimental data is presented. Note that in the
model the hyperfine structure of Ar is neglected [Wil11]. The coil current is adjusted
to Icoil,i = 0.25I0,i (Fig. 5.7 (a)) and Icoil,i = 0.35I0,i (Fig. 5.7 (b)), where i is the coil
number. The theoretical lines are the solid black lines, the single fitted components
are the dashed black lines and the total fit is depicted by the red solid line. The fitting
model is in good agreement with the experimental data. The small asymmetry in the
experimental spectrum in Fig. 5.7 (b) cannot be reproduced because a symmetrical
distribution of the σ-components around the unshifted component is demanded. The
asymmetry regarding the unshifted component in the experimental data could still
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Fig. 5.6: (a) Zeeman pattern for the Ar I transition 1s5 → 2p6 for the upper level
j1 = 2 and lower level j2 = 2 with g1 = 1.305 and g2 = 1.506 [Kra18]. (b) Possible
transitions from the upper to the lower level. (Images taken from [Dic19b])

Coil Number Current I0 [A]
1 90
2 30
3 310

4, 5 300
6 310

Table 5.2: Standard currents I0 for the six magnetic coils at the PSI-2 device.

be caused by the linear background. For both fits the free parameter B gives the
magnetic field in T and the obtained values are presented in Tab. 5.3. The error
is taken from the fitting routine (lmfit package [New14]). The expected values are
calculated under the assumption of a linear correlation between coil current Ii and the
maximal magnetic field of 100 mT in the PSI-2 device at Ii = I0 [Kre15]. The linear
correlation between magnetic field B and current I is defined by the Biot-Savart law.
The obtained data is in a reasonable agreement with the expected values, though the
measured values are systematically lower by 15− 20 % compared to the expectations
from the Biot-Savarat law. First of all, the total magnetic field in PSI-2 plasma is a
linear superposition of the magnetic field produced by six coils and certain variation
of field strength along the magnetic field is expected. On the one hand, the plasma
current could modify the magnetic field so that the resulting field is less than the
measurements in the vacuum. On the other hand, other broadening mechanisms
(E×B field) could only increase the observed width. Therefore, one expects that the
measured field provides the upper limit. Nevertheless, more detailed calculations of
Zeeman effect for this line could provide new insights on the remaining discrepancy.

77



5.4. DETERMINATION OF THE METASTABLE DENSITY

392.541 392.542 392.543 392.544
Frequency [THz]

0.0

0.1

0.2

0.3
A
bs

or
pt

io
n

Signal
Zeeman Fit

763.716763.718763.720763.722
Wavelength [nm]a)

B = 20.46 mT

392.541 392.542 392.543 392.544
Frequency [THz]

0.0

0.1

0.2

0.3

A
bs

or
pt

io
n

Signal
Zeeman Fit

763.716763.718763.720763.722
Wavelength [nm]b)

B = 29.54 mT

Fig. 5.7: Fit of the eight σ-components of the transition 1s5 → 2p6 for two different
magnetic field configurations. In (a) Icoil,i = 0.25I0,i is shown and in (b) Icoil,i =
0.35I0,i. On the upper x-axis the vacuum wavelength is used. Note, that the hyperfine
structure of Ar is neglected [Wil11].

Zeeman splitting [mT] Expected [mT] Coil Current
29.54± 1.65 35 0.35I0
20.46± 1.03 25 0.25I0

Table 5.3: Comparison between measured magnetic field using the Zeeman splitting
and the expected values.

5.4 Determination of the Metastable Density
Beside the determination of the applied magnetic field these spectra could also be
used to measure the metastable density of the 1s5 level. In order to obtain the
metastable density four different measurements were made as described in Sec. 5.1.
With these measurements the intensities I(ν) and I0(ν) (Eq. 5.3) and the logarithm
ln
(

I0(ν)
I(ν)

)
are calculated. The background of the absorption signal is not constant

but has a linear dependency (Fig. 5.8). The absorption spectrum is fitted (red curve
Fig. 5.8 (a)) by only a single Gaussian function described by Eq. 5.13:

F (ν) = mν + n+ A exp

(
−
(
ν − νcenter√

2σ

)2
)

, (5.13)

where m is the slope and n is the constant of the background, A is the ampli-
tude, νcenter is the center and σ is the width of the Gaussian function (FWHM
= 2

√
2 ln(2)σ). For a magnetic field of 25mT this approach does not lead to sig-

nificant errors as the separation induced by magnetic field is relatively small. (Fig.
5.7 (a)). The linear background is subtracted from the fitting function to achieve a
background cleaned absorption signal (Fig. 5.8 (b)). The obtained curve is used for
integration with the trapezoidal rule [CN03] and the metastable density is calculated
using Eq. 5.6. For the calculation the oscillator strength fif of 0.214 is used [Kra18],
the absorption length L is assumed to be 40 cm, which is the diameter of the vacuum
chamber. The temperature is calculated by the width of the absorption profile (Eq.
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Fig. 5.8: Calculation technique of the metastable density. (a) Fit of a Gaussian
function with a linear background F (ν) = mν+n+A exp (−((ν − νcenter)/sqrt2σ)

2).
The signal is obtained with a reduced magnetic field with a coils current of Icoil,i =
0.25I0,i and a neutral gas pressure of p = 3.4× 10−2 Pa. (b) Background cleaned
absorption signal for integration to calculate the metastable density.
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Fig. 5.9: (a) Magnetic field dependence of the absorption spectrum for two configu-
ration of the magnetic field Icoil,i = 0.25I0,i and Icoil,i = 0.35I0,i. The black and blue
curve are the experimental data, the red curve is the fit of the absorption spectrum.
The measurements were taken in the center of the plasma and it was produced with a
gas flux of 40 sccm Ar. The neutral gas pressure was p = 3.4× 10−2 Pa. (b) Measure-
ment of the polarization of the absorption signal at a magnetic field configuration of
Icoil,i = 0.25I0,i. The plasma was produced with a gas flux of 40 sccm and the neutral
gas pressure was p = 3.4× 10−2 Pa. The measurements were taken in the center of
the plasma.
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2.41). At a coil current of Icoil,i = 0.25I0,i the metastable density is determined to
be 1.75× 109 cm−3 and the gas temperature equals 6× 10−2 eV. The comparison
between the absorption spectra measured at two different magnetic fields is exem-
plified in Fig. 5.9 (a). With a higher magnetic field (Icoil,i = 0.35I0,i) the density
increases by 30 % to around 2.5× 109 cm−3. The temperature increases by 37 % to
9.5× 10−2 eV. This increase can be explained with a higher electron density (which
increases from 1.4× 1011 cm−3 to 2.4× 1011 cm−3) due to a higher confinement of
the plasma. Furthermore, a shift in the red-shifted region by 60 MHz or 1 m s−1 is
observed. One of the probable explanations of the observed rotation could be the con-
tribution of Ar+ ions. Similar to the hot components of the measured Balmer lines,
the charge exchange recombination between Ar+ and Ar could lead to an increase
of the rotation. More accurate measurements above and below the equatorial plane
of PSI-2 are required to conclude on the observed shift of absorption line. One can
conclude that the rotation of the plasma in the PSI-2 device increases with a higher
magnetic field. Taking the neutral gas pressure of p = 3.4× 10−2 Pa into account,
the Ar density can be calculated to nAr = 3.6× 1012 cm−3. As a consequence, 0.05 %
are in the metastable state.
The metastable density can also be calculated for the σ and π-component of the
Zeeman fit. In Fig. 5.9 (b) it is observed that the π-component is sharper and the
amplitude is higher compared to the σ-component. Since the polarization caused by
the Zeeman effect affects the line shape but not the intensity, under assumption of
statistical population of m sublevels of J = 2, the intensities for both components
should be equal. In fact according to Fig. 5.6 the derived metastable fraction is inde-
pendent on the polarization properties of radiation. The measurements remarkably
confirm this: the metastable density obtained without polarizers and with polarizers
are quite close (1.75× 109 cm−3 (without polarizer), 2× 109 cm−3 (for π-component)
and 2.5× 109 cm−3 (for the σ-component)).
To measure the distribution of metastable atoms in the plasma, a radial profile of the
metastable density is obtained by scanning the plasma from the center to edge. The
measurements are performed in a pure Ar plasma with a gas flux of 40 sccm. The coil
current is adjusted to Icoil,i = 0.25I0,i. With a Langmuir probe the electron density
at the maximum of the plasma profile is determined to be ne ≈ 2.5× 1011 cm−3 and
the electron temperature to Te ≈ 4 eV (shown in Fig. 5.3). The neutral gas pressure
in the exposition chamber is p = 3.4× 10−2 Pa. The radial scan is performed in
the steps of 2 mm, where 0 mm is the center of the plasma. The complete setup is
adjusted in the vertical z direction above the equatorial plane of PSI-2 (see Fig. 3.1)
by two moving tables (X-MCB2 from Zaber).
The results of the radial scan of the plasma profile are shown in Fig. 5.10. The
metastable density is calculated out of the line integrated density assuming an ab-
sorption length of L = 40 cm is in the range of nAr∗ ≈ 1.75× 109 cm−3. The sudden
decrease of the density between a radial position of 22 mm and 24 mm cannot be
explained physically. Neither the electron temperature derived from the Langmuir
probe nor the gas temperature measured with TDLAS show any strong variation in
this region. After this rapid decrease of the metastable density, the density decreases
slower. The trend of a decrease from the center to the plasma etch could be a
geometrical effect, because the signal is line integrated. Therefore, the density is
assumed to be constant along the complete radial plasma profile, due to a strong
dissociation of the metastable atoms in the plasma. The temperature of these atoms
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Fig. 5.10: Radial scan of an Ar plasma with a gas flux of 40 sccm using the TDLAS
system. The neutral gas pressure was p = 3.4× 10−2 Pa, the magnetic field is reduced
with Icoil,i = 0.25I0,i. Note that 0 mm is the center of the plasma. (a) Line integrated
metastable density profile of the plasma. (b) Temperature profile of the metastables
in the plasma.

is also constant at around TAr = 6.4× 10−2 eV (Fig. 5.10). The errors in both
graphs are statistical errors. Each measurement presents the mean value of nine
single measurements. The statistical error is used in this case because it is greater
than the error of the single measurement.
To cross check the experimentally obtained values of the metastable density, the
density can also be estimated theoretically. To check if the calculations need to be
done in the diffusive regime, the mean free path λD = 1√

2nArσD
of the Ar atoms is

calculated, where nAr is the Ar density and σD is the cross section of the effective mo-
mentum transfer of Ar in the ground state. Using the Ar density of 3.6× 1012 cm−3

and a cross section of 4× 10−15 cm2 [Pit13] the mean free path is calculated to
λD = 50 cm. The calculation shows that λD � R, where R = L/2 = 20 cm is
the radius of the vacuum chamber. Thus, the motion of the metastable Ar atoms
is properly dominated by the thermal motion. The velocity can be calculated to
vth =

√
8kBTg/(πmAr). With a gas temperature of around 700 K the velocity is

determined to vth = 6× 104 cm s−1.
To estimate the metastable density the ansatz of Tokar is used [Tok94] where the
metastable density is splitted up into two parts n+(r) (moving away from the center
of the plasma) and n−(r) (moving towards the center of the plasma). The metastable
density nAr∗ and the flux of metastable atoms jAr∗ can then be defined the following:

nAr∗ = n+ + n− , (5.14)
jAr∗ = (n+ − n−)v , (5.15)

where v is the velocity of the metastable atoms. For both parts n+ and n− a rate
equation can be written separately. To simplify the calculation it is made in one
dimension. The production of metastable Ar at the used steady-state experimental
conditions is mainly caused by electron excitation processes with rate coefficient
ke,exc. The loss terms in the first approximation are due to electron-impact ionization
of metastables with rate coefficient kion,met and electron impact excitation in the
resonant s-states kexc,met. The different atomic processes are schematically shown in
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Fig. 5.11: (a) Rate coefficient of the electron impact ionization from the metastable
1s5 state. (b) Rate coefficient for the electron impact excitation from the ground state
1p0 to the metastable state 1s5 (black curve) and the total excitation rate coefficient
for metastable Ar (red curve). Both rate coefficient (depicted in black) are calculated
out of the cross sections taken from [ZWB14] assuming an Maxwell distribution for
the electrons. The total excitation rate coefficient is calculated using the experimental
determined cross section from [MN87].

Fig. 5.4. The continuity equations can then be written as:

d

dx
(n+v) =

1

2
nArneke,exc − nen+(kion,met + kexc,met) , (5.16)

d

dx
(−n−v) =

1

2
nArneke,exc − nen−(kion,met + kexc,met) , (5.17)

where nAr is the Ar density and ne is the electron density. Note, that the minus
sign in Eq. 5.17 is needed because the atoms with density n− are moving in the
opposite direction compared to the atoms with density n+. The sum (Eq. 5.18) and
the difference (Eq. 5.19) of Eqs. 5.16 and 5.17 can be calculated to:

djAr∗

dx
= nArneke,exc − nenAr∗(kion,met + kexc,met) , (5.18)

v
dnAr∗

dx
= −ne(kion,met + kexc,met)

jAr∗

v
. (5.19)

Inserting Eq. 5.19 in Eq. 5.18 results in the diffusion equation for the metastable
density nAr∗ :

−D∗
m

d2nAr∗

dx2
= nArneke,exc − nenAr∗(kion,met + kexc,met) , (5.20)

where D∗
m = v2/(ne(kion,met + kexc,met)) is the diffusion constant of the metastable

atoms, induced by their thermal motion and suppressed by the loss mechanism of
the atoms. In the general case, when the rate coefficients are the function of plasma
temperature and radius the equation has to be solved numerically. For the estimation
of metastable density constant values along the plasma radius are assumed. In this
case the solution of Eq. 5.20 can be solved analytically. Using the two boundary

conditions
dnAr∗

dx
(x = 0) = 0 and nAr∗(x = R = L/2) = 0 where L is the distance in
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which the density of metastable levels reduces to zero. For the calculations R = 20 cm
is taken as the radius of the chamber. The metastable density equals to:

nAr∗

nAr
(x) =

ke,exc
kion,met + kexc,met

(
1− cosh(x/λ)

cosh(R/λ)

)
, (5.21)

where λ = v/(ne(kion,met+kexc,met)) is the mean free path. The first term in Eq. 5.21
at the right hand side provides the maximal density of metastable atoms. The radial
dependence of solution is represented by the second term. For the estimation of the
metastable density the following values are used: electron density ne = 9× 1010 cm−3,
electron temperature Te = 2.5 eV (for ne and Te the mean value of the Langmuir
profile is taken which is shown in Fig. 5.3), v = vth = 6× 104 cm s−1 (calculated
for a temperature of 700 K), ke,exc = 6.4× 10−11 cm3 s−1 (cross section taken from
[MN87] (Fig. 5.11 (b))), kion,met = 1.96× 10−8 cm3 s−1 (cross section taken from
[ZWB14] (Fig. 5.11 (a))), kexc,met = 1.25× 10−8 cm3 s−1 (sum of all possible resonant
excitations [Zhu16]). The rate coefficients are calculated by integrating over the cross
section assuming a Maxwellian distribution of the electrons. The cross section given
in [ZWB14] for the ionization is fitted using Eq. 5.22 and the one for the excitation
given in [MN87] is fitted using the Eq. 5.23:

σion,met(x) = a0
log(x)

x
+
a1
x

+
a2
x2

+
a3
x3

, (5.22)

σe,exc(x) = exp
(
− a0
xa1

) a2
xa3

(
1− 1

x

)
, (5.23)

with x = E/Ea, where E is the energy of the electrons and Ea is the threshold
energy. For [ZWB14] the fitting coefficients are: a0 = 5.72, a1 = 20.47, a2 = −35.63,
a3 = 15.08 and for [MN87]: a0 = 4.50695, a1 = 2.80547, a2 = 12.6749, a3 = 3.25468.
Beside the excitation cross section by Mason [MN87] also other cross sections for the
population of metastable Ar are available in [ZWB14], where only the population
of the metastable level by electron excitation from the ground state is calculated.
In the work of Mason [MN87] cascade population from the higher s and p-states
(with J = 0 or J = 2) are taken into account, which fits our experimental conditions
better than the calculations of [ZWB14]. Therefore, the cross section of Mason is
used to calculate the metastable density. The diffusive term according to Eq. 5.20
is larger than the collisional quenching rates with the following consequences for the
measurements. First, the population of metastables in the plasma core is a linear
function of electron density, which is confirmed by the measurements (Fig. 5.12
(b)). Second, the density of metastable levels should be a rather weak function of
plasma radius, which is exemplified in Fig. 5.10. Taking all values into account, the
maximum ratio nAr∗/nAr(x = 0) can be calculated to 2× 10−3, which is 0.2 %. This
is only a factor of 4 larger compared to the measured metastable density and thus
in good agreement with the experiment.
Some further remarks should be made. On the one hand, the collisions of metastable
atoms with atoms in the ground state are neglected so that the final diffusion coef-
ficient has to be smaller. This would lead to a reduction of the metastable density.
On the other hand the considered excitation coefficient based on the experimental
data of [MN87] mostly include the contribution from upper metastable levels as the
time-of-flight technique was applied. It is still not clear if for instance the contribu-
tion from the resonant levels with J = 1 could increase the excitation rate coefficient
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significantly, in comparison to the measured results of Mason. The optical (dipole)
allowed transition have large excitation cross sections but could also decay faster to
the ground state relative to the metastable ones. An accurate collisional radiative
modeling is required, but is not done yet though the careful compilation of the data
is ongoing [Pit13]. Furthermore, a more detailed comparison with the experiment is
required. On the one hand, the measurements were done within the radius of 4 cm
only. They have to be extended at least a few cm beyond the plasma radius. It
was not possible in this work due to the technical limitations of the PSI-2 chamber.
Such measurements are of principle importance for matching the zones where the
metastable atoms are created and quenched compared to the zone which includes
only geometrical losses, e. g. expected as 1/r, where r is the plasma radius. Only
in this case the correct boundary conditions could be applied. On the other hand,
the 1D model has to be extended to a cylindrical geometry and the quenching of
metastable argon with collisions with H2 molecules and atoms have to be considered.
The distance L where the population of metastable levels drop significantly is not
detected in the experiment on the distance of 4 cm so that measurements have to
be extended further from plasma center. The distance L = 40 cm could only be
considered as an upper limit. Nevertheless, the agreement within a factor of four
between the measurements and the estimation is surprisingly good indicating that
these measurements can be further used to test the atomic data for Ar I in the
low-density limit.

5.5 Absorption Measurements in a H-Ar mixed
Plasma

In this section different amounts of H are added into the Ar plasma and the laser
absorption is measured for each plasma condition. At the same time the electron
density is measured independently with a Langmuir probe. For all measurements the
magnetic field configuration was 0.25I0,i. In Fig. 5.12 (a) the raw absorption signal is
plotted against the frequency. With an increasing amount of H the absorption signal
decreases and thus the metastable density and the electron density decreases as well
(Fig. 5.12 (b)). The electron density decreases from 1.4× 1011 cm−3 at a H flow of
8 sccm to 6.5× 1010 cm−3 at 60 sccm which is around a factor of 2. Simultaneously,
the electron temperature remains nearly constant at Te ≈ 3.5 eV (Fig. 5.13 (b)). The
dependence between absorption signal and electron density seems to be linear which
is shown by the black dashed line in Fig. 5.12 (b). The fit function is I(n) = a ·ne+b,
where ne is the electron density in units of cm−3, I(ne) the absorption peak signal,
a = 0.17 and b = 0.28. The linear dependency emphasizes that no H2 molecules can
penetrate into the plasma region and quench the metastable Ar atoms. Furthermore,
it is observed that a higher amount of H in the plasma leads to a shifted of the
minimum of the absorption peak to higher frequencies by 10 MHz for 16 sccm and
by 610 MHz for 60 sccm compared 8 sccm hydrogen in the plasma. The reason of
this shift is still not clear. One of the possibilities is the contribution of Ar+ ions or
molecular ions ArH+, which are affected by the magnetic field.
The impact of the laser beam on the Doppler-shifted signal of the Hα line is measured
directly like shown in Fig. 5.14. For the measurements a W mirror is used and a
negative potential of −100 V is applied. The plasma is a H-Ar mixed plasma with a
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Fig. 5.12: (a) Absorption signal for different types of H-Ar mixed plasmas measured
with a polarization filter adjusted for the π-component at the position z = 0. Different
amounts of hydrogen are depicted in different colors. With increasing hydrogen
amount the absorption peak decreases. (b) Electron density ne plotted against the
peak intensity of the absorption signal. The black dashed line is a linear fit of with
the function I(n) = a · n+ b, with a = 0.17 and b = 0.28.
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Fig. 5.13: Langmuir probe measurements of at different plasma parameters shown in
Fig. 5.12. In (a) the electron density is presented and in (b) the electron temperature.

85



5.5. ABSORPTION MEASUREMENTS IN A H-AR MIXED PLASMA

6558 6560 6562 6564 6566 6568
Wavelength [Å]

0

20

40

60

In
te

ns
ity

 [a
.u

.]

Laser on
US = -140 V
Laser off
US = -140 V
Laser off
US = Ufl

Fig. 5.14: Measurement of the Hα line with the Echelle spectrometer with activated
and deactivated laser in a H-Ar mixed plasma with composition 20 : 40 sccm. For
the measurements a W mirror is used and a negative potential −100V is applied.
To distinguish better between both measurements, the measurement with deactivated
laser is depicted with the dashed line.

composition of 20 : 40 sccm. The laser wavelength is not varied and is hold constant
at the transition wavelength of 763.5106 nm. As can be seen in Fig. 5.14 the Doppler-
shifted emission can clearly be observed but no difference between both signals is
detected either the laser is activated or not (black and blue curve). An influence
of the laser on the detected signal is not expected, because the line width of the
used laser is too narrow to quench enough metastable atoms in order to observe an
impact on the Doppler-shifted signal. To solve this issue, a broadband cw laser could
be used in the future, with a line width being comparable to the line width of the
transition line.
Beside the impact of the laser beam on the Doppler-shifted emission also the impact
of different target potential on the metastable density is investigated. In Fig. 5.15
the metastable density is measured in front of a W target. The plasma is a H-Ar
mixed plasma with a composition of 16 : 40 sccm which is already characterized
in Fig. 5.13. In the first case the target potential is set to −100V (black curve)
in the second case no external potential is applied to the target (red curve). No
difference in the absorption spectrum and thus in the metastable density is found
either the target is biased or not. Thus, the metastable density shows no dependence
on the energy of the accelerated H+ ions at the used plasma conditions although the
Doppler-shifted emission can be observed.
In the following the findings of this section are concluded. The TDLAS diagnostic
provides the first measurements of the density of metastable Ar in a PSI-2 plasma.
First of all, the strong impact of the magnetic field on the line shape of the absorption
signal was detected. It was confirmed by using polarization measurements of the
absorption signal, which provides data on the values of the magnetic field and the
gas temperature in the PSI-2 plasma. The density of metastable levels is linearly
proportional to the electron density even in the H-Ar mixed plasma. It indicates that
the H2 molecules could not penetrate to the center of the plasma and the diffusion
of metastables is the dominant loss term compared to other mechanisms. A radial
scan of the absorption signal also confirms this: the profile of metastables varies only
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Fig. 5.15: Measurement of the metastable density in front of a W target in a H-Ar
mixed plasma with a composition of 16 : 40 sccm. The black curve is the absorption
spectrum at a target potential of −100V and the red curve at floating potential
(≈ −25V).

on the order of 20% and the temperature of Ar remains on the order of 700− 800K.
The population of metastable is on the order of 0.2− 0.5% of the ground state.
Because of the strong diffusion the Ar metastables could not be confirmed as the
possible source of the strong Balmer line emission. The measurements with and
without a target do not show any variation of the Balmer lines emission. Thus, the
diffusion of metastable levels remains the dominant mechanism in the plasma even
in the presence of a target. The metastable levels could be of importance for the
n = 3 levels of H whereas the H atoms do not necessarily reduce their population.
The results open a new way of resolving the problem on the source of Balmer lines
emission. By measuring for instance the flux of H+ ions to the target the resulting
emission is proportional to the electron density in case of ground state excitation,
whereas the excitation transfer results in a quadratic dependence of the emission of
Balmer lines. It seems that in addition to the laser pump-probe technique this is
the most promising direction to resolve this problem in the future.
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CHAPTER 6

CONCLUSION AND OUTLOOK

The source of emission of fast H atoms at the plasma surface interface is subject
of an extensive experimental and theoretical study in plasma discharges. Until now
however the substantial difficulties existed by explaining or modeling the observed
emission in Grimm type discharges [Ada03; Phe09]. The propagation of emission
in front of the targets, angular distribution of incident fast atoms [Phe09] (a “dif-
fusive” distribution instead of the “beam-like”), the strong emission of fast atoms
in case of Ar relative to other noble gases [LM93] and the corresponding transition
between the density of ions and molecular ions in the presence of Ar are the most
prominent examples of experimental findings that could not be explained in frame
of the “sheath-collisional model” [Phe09]. This is one of the reasons why in spite of
the extensive studies in the past, including atomic modeling, the measurements of
Stark broadening in the plasma sheath remain practically the only broad application
of the Balmer lines emission. It needs to be mentioned that the emission by fast
reflected atoms is also observed in fusion devices, but it has never been considered
to built a plasma diagnostic which uses this effect [Sam87; Sam89].
In this thesis the origin of the broad and strong emission of fast H atoms due to
plasma-surface interaction in low pressure gas discharges is studied in detail. In fact,
the lack of measurements in low density gas discharges was already underlined and
this work tries to fill this gap [BGC05]. The new experimental data were obtained at
the linear magnetized plasma of PSI-2 (pressure 0.01−0.05 Pa, electron temperature
3− 10 eV, ion temperature 1− 5 eV, ionization degree of 10−3 − 10−2) by exposed
targets of different materials (C, W, Fe, Mo, Ti, Pd, Cu, Rh, Sn, Al and Ag) to the
plasma. The experimental setup differs considerably from previous studies. In previ-
ous works the applied potential was required to ignite the discharge and modification
of the bias (negative) potential leads apriori to modification of plasma parameters.
In the PSI-2 device the situation is essentially different. The applied potential could
be varied as requested (−40 . . .−300 V) without modifying the plasma parameters.
This experimental setup has two advantages: First, the origin of emission could be
studied much more efficiently. Second, the emission could be studied at a kinetic
energy of the H atoms where the excitation cross-sections by noble gases (Ar or Kr)
is the highest.
At the beginning the experimental data of the emission at a line-of-sight parallel
to the target surface or the blue-shifted signal relative to the unshifted wavelength
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∆λ/λ = [−v/c : −v/c sin(θ0)] at a line-of-sight at the angle θ0 relative to the normal
are discussed. Here, v is the velocity of the reflected atoms and c is the speed of
light. In case of this experiment the angles were 35°, 69° and 90°. It is proven (H+

colliding with C, Fe, Pd targets) that the Doppler-shifted emission is caused by
fast H atoms backscattered from the surface and emitted outside the Debye sheath
(Figs. 4.2, 4.3 and 4.4). In this part the experimental data confirm results from the
“sheath-collisional” model. At the used experimental conditions the Doppler-shifted
emission is the strongest one in a H-Ar mixed plasma. Other mixed plasmas like
H-Kr or H-Ne are investigated as well, but with Ar the highest signal-to-noise ratio is
achieved. The Doppler-shifted signal with H-Ar is a factor of 3− 5 stronger than for
the combination of H-Kr (Fig. 4.31). Different fluxes of H and Ar were tested as well.
It was observed that with composition of fluxes 20 sccm : 60 sccm, 40 sccm : 40 sccm
or 60 sccm : 20 sccm for H and Ar the strongest emission signal was obtained. This
excludes possible H-H2 or H-e− interaction as a source of Doppler-shifted emission
at given experimental condition. In contrast to the explanations of the observed
emission in [Ada03], it is difficult to conclude that the presence of Ar modifies the
composition of plasma (H+, H+

2 , H
+
3 ) dramatically: the shrinking of the wings by

factor of 1/2 or 1/3 adding the Ar into the plasma is not observed. After clarifying
the best plasma parameters, the dependence of the Doppler-shifted spectrum on
the surface potential and material is investigated. It is found that at the floating
potential (Usf = −30 V) no Doppler-shifted emission can be observed. The emission
profile starts to rise at around Us = −60 · · · −80 V. It is the approximate threshold to
observe the Doppler-shifted emission at the used plasma parameters. By increasing
(absolute values) of negative potential the Doppler-shifted wings become broader but
the maximum intensity saturates at around −120 V. Approximately at the same
kinetic energy E the emission of former H+

2 ions (the reflected H atoms with half of
the kinetic energy E/2) also starts to contribute to the emission profile at lower wave-
lengths. The maximum energy of the observed neutral atoms has also dependence
on the used surface materials, especially at low Z materials. This dependency can
be described in a first approximation with a simple binary elastic collision between
the surface and the accelerated H+ and H+

2 ion. This dependency is tested for C, Al,
Ti, Fe, Mo, Rh, Pd, Ag, Sn and W and shows a qualitatively good agreement with
experimental data, though the energy loss from the excitation process with Ar is not
included (Fig. 4.6). These experiments already show that the origin of the observed
Doppler-shifted emission is not the charge-exchange inside the Debye sheath.
The red-shifted emission (∆λ/λ = [v/c sin(θ0) : v/c]) at the line-of-sight of 35° could
not be described in frame of the “sheath-collisional” model due to the following reason:
If the charge-exchange signal from the sheath is missing, the profile should be strongly
asymmetrical as the red-shifted emission should be zero. Actually, the asymmetry is
observed, but the reduction of the intensity depends on the optical properties of the
targets. The fact that in addition to the charge-exchange recombination (the signal
from fast atoms approaching the cathode) the reflectance could play the role in the
red-shifted emission of Balmer-lines was mentioned in [Ada03; BGC05]. Neverthe-
less, neither consequent interpretation of the data nor the modeling of the emission
at different line-of-sight are taken into account. The resulting red-shifted signal in
high density discharges is always a complex superposition between the emission of
incident and reflected fast atoms, integration volume of every sort of atoms along the
line-of-sight, and finally the Stark effect makes it difficult to separate and model the
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contributions in general case. It is exemplified in [COK11] that for the C target the
red-shifted signal is higher than the blue-shifted emission. The opposite is observed
for another element such as Cu.
In the low density case the situation is extremely simple: the optical properties of
the surface could be extracted directly from the measurements at the angles below
≈ 45° without any modeling, only the applied negative potential needs to be known.
At first glance these results seem to be trivial and on the other hand so paradox
considering the mainstream of results in high density plasma discharges that the num-
bers of experimental and theoretical facts supporting this statement and dedicated
experimental conditions had to be conducted in this thesis:

(a) The width of the Debye sheath is a factor of 3−10 less than the emission length
of Hα line. The Balmer lines from fast atoms could not emit in the Debye
sheath, only a weak number of those atoms moving practically parallel to the
target. The accurate measurements of the Hα,β,γ lines as a part of this thesis
(Sec. 4.7) confirmed it. The appearance of the Balmer lines (target-Hα-Hβ-Hγ)
is different from high pressure discharges (target-Hγ-Hβ-Hα) [VKK96; CKK05]
supporting the argument on the absence of signal from atoms approaching the
cathode.

(b) The ratio of the integral for the red and blue-shifted signal for C, W, Fe, Mo,
Ti, Al, Cu, Rh, Pd, Sn , Ag and Cu is in very good agreement of (15 %) with
the reflectance measurements in the laboratory and the theoretical values (Fig.
4.13).

(c) In case of Cu for instance the ratio between red and blue-shifted signal for the
Hα or Hβ line is different, and was found in a very good agreement with the
theoretical values of reflectance for both wavelengths as well 4.17.

(d) The shrinking of the energy of fast atoms as a function of material of the target
is observed for the blue and red-shifted signal (Fig. 4.5).

(e) The measurements at the angles close to the Brewster angle for W, Mo and Sn
(≈ 70°) demonstrated the polarization by light reflectance at metallic surfaces
(Figs. 4.20 and 4.21). The red-shifted signal is reduced by a factor of 2− 3 for
the W and Mo target observing the σ-component relative to the π-components
of light. A change for the blue-shifted emission is only observed because of the
overlap of the blue and red-shifted emission profile. A very weak reduction is
observed for the angle of 35°. Such behavior is known from the polarization
of light but cannot be explained using polarization mechanisms of emission
produced in plasma volume [Fuj99].

(f) By heating the surfaces of Al and Rh two different effects are observed. First,
for the cold Al target the ratio stays practically constant and only reduces
on the order of 1 − 2 %. By heating the same target the linear drop of ratio
is observed as a function of temperature. The further dramatic reduction of
red-shifted signal is observed with the increase of sputtering of Al atoms (at
the temperatures above 500 K) (Fig. 4.25). For the Rh target no change of the
signal is observed during the same heating (Fig. 4.26). The linear dependence
for the ratio of the red to the blue-shifted signal in case of Al confirms the
elements of the Drude theory for the light reflection in solids [Uji72].
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With the knowledge on the origin of the red-shifted component (a-f) one could say
that a new kind of DSRM (Doppler–Shifted Reflectance Measurements) diagnostic is
developed and tested in this thesis. It allows in situ measurements and monitoring
of the optical properties of metallic mirrors which makes an additional calibration
source or an additional diagnostic port at the plasma chamber to a certain extent
unnecessary. The emitted photons can be observed either directly (blue-shifted) or
reflected from the surface (red-shifted) (Fig. 4.9). The ratio of both signals deter-
mines the spectral total reflectance of the mirror. In this thesis only measurements
at the Hα and Hβ lines were performed. The stability of the diagnostic makes it
especially attractive for ITER applications (Beam – emission spectroscopy operating
at the Hα line or the Charge-Exchange Recombination Spectroscopy at the He II line
(468 nm) close to the Hβ line (486 nm)). The good signal was obtained within tens
of seconds. An experiment performed with a Pd mirror and a potential of −100 V
has shown that the reflectance of the mirror did not change during two hours of
exposition (Fig. 4.14). Obviously, the diagnostic could provide a relatively large
amount of spectra before any noticeable change of reflectance is induced due to H-Ar
mixed plasma. On the other hand, results have also a rather weak dependence on
the absolute value of applied potential as soon as the energy of reflected atoms stay
on the order of 80− 140 eV (Fig. 4.15).
The measurements of reflectance at large observation angles above 45° already require
a modeling of the emission profiles as the blue and red-shifted signal start to overlap.
The spectra of W were modeled and the values of polarized reflectance were obtained.
The model is tested at the line-of-sight of 35° and at polarization measurements of
the same mirror at the 70° LOS (Figs. 4.27 and 4.28). The input parameters were
parametrized energy and angular distributions of reflected atoms. The initial data
were provided from the TRIM code [Eck91]. The result of the fit shows a quite sat-
isfying agreement with the experimental data. One is able to determine the spectral
reflectance in the range of 15 % for the LOS of 35° and for the σ-component at the
70° observation angle. For the π-component the error is larger as it is difficult to
measure a very low spectral reflectance using the DSRM diagnostic because of the
low signal-to-noise ratio. One of the reasons of such deviation is the absence of the
fine-structure component of Balmer-line and instrumental function in the current
modeling. At the same time the presented modeling was limited to the description of
H+ ions. The parameters of energy and angular distribution are obtained by fitting
the blue and red-shifted components of the fast atoms emission. The distribution
function of reflected atoms in the energy range of 50− 100 eV is of special interest
in the ion-solid interaction as well. The standard ion-beam experiments could not
produce ion beams in this low energy range. The available data for the energy and
angular distribution starts in the range of a few keV. Instead, the modeling of edge
fusion plasma relies on the Monte Carlo codes such as TRIM and these codes are
only tested against the ion beam experiments in this high energy range. By modeling
the Doppler-shifted emission one obtains a new possibility to evaluate their results
at current plasma conditions. It needs to be mentioned that the observation at one
line-of-sight provides a number of possible combinations between the energy and
the angular distribution (Doppler-shift can be describe by different combinations of
angle and velocity or energy of reflected atoms). However, by considering another
line-of-sight the number of solutions is reduced and the unique solution can be de-
rived. The found value of power of the angular distribution cosb(θ0) for H on W at
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the energy of 100 eV is b = 0.2 (under-cosine distribution). The TRIM code predicts
much higher values of 1.5 (over-cosine distribution) for the same energy. It is not
clear if such deviations are connected with the calculations itself or for instance with
the penetration of H or Ar in W. One should add however that the under-cosine
distribution with higher values of b = 0.6 (E0 = 2 keV) was found for the blue-shifted
reflected atoms in [Phe09] and b = 0.6 (E0 = 4.5 keV) in [Lan84] as well. Going to
even higher energies, the angular distribution of reflected atoms seems to approach
the value of unity (b = 1) [VEB80], the current findings of a low b values at the
energy of atoms on the order of 100 eV seem to provide a consistent physical picture.
By applying the DSRM diagnostic to obtain the optical properties of target one
relies only on the experimental evidence that in the presence of Ar the emission of
reflected fast atoms is much higher relative to other gases including pure H or D.
One considers the excitation of H by Ar atoms in the ground state as the leading
atomic process. The increase of emission as a function of the H atoms energy seems
to confirm this generally accepted statement. At the same time measurements in He,
Ne or Xe confirm the weak excitation cross sections measured by van Zyl [VGN83;
VGN85; VNG86]. The most conflicting result appears using the measurements with
Kr. According to the data [VNG86] the excitation cross-section is of the same order
of magnitude and one expected that the strong emission should appear also in H-Kr
plasmas. However, it is not the case either in PSI-2 (the signal is a factor of 3− 5
less compared to a H-Ar plasma (Fig. 4.31)) or in other experiments [LM93]. What
could be other sources of excitation assuming that the measured atomic data for Kr
are correct?
It was shown in this work that Ar+ ions could be excluded. By excitation of reflected
atoms by ions and not by atoms the radial dependence of emission in PSI-2 plasmas
should behave as n2

e(r) as the density of reflected atoms is proportional to the den-
sity of H ions. However, it is shown in Fig. 4.18 that the emission behaves as ne(r)
supporting the theory of excitation by atoms and not by ions. Also the ionization
degree is too low so that the excitation by ions could be comparable with excitation
by atoms. The energy diagram of excited state of H and other noble gases demon-
strates one feature favoring Ar atoms relative to other noble gases: the metastable
(long-living states) of Ar are lower only by about 0.5 eV lower relative to the excited
n = 3 levels of H. At the same time the broadening of the Lα line in the afterglow
plasma demonstrated that even higher energy difference between n = 2 levels of H
atoms and the metastable levels of Ar (≈ 1.2 eV) could be efficiently transferred into
the kinetic energy of H atoms [CM77; Cly80]. Thus, the measurements of metastable
levels of Ar are required to exclude the impact of metastable Ar on the observed
emission. This work only focuses on population measurements of the 1s5(J = 2)
level of Ar.
To answer this question the TDLAS (Tunable Diode Laser Absorption Spectroscopy)
diagnostic was built up at the PSI-2 device to measure the Ar metastable density
(1s5 → 2p6 at 763.51 nm) and to investigate the quenching of metastable states by
fast hydrogen atoms. The measurements were successful only partially. One suc-
ceeded to measure the density of metastable levels as a function of plasma radius,
as function of concentration of Ar and H, the temperature of Ar atoms and also
the magnetic field in the plasma of PSI-2. For instance, it was shown that the
Zeeman effect provides the splitting of the levels being higher or comparable with
the Doppler broadening of Ar I lines. For the first time the magnitude of magnetic
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field was derived in PSI-2 during plasma operation using the σ and π polarization
components. The measurements were possible only till B = 0.05 T due to the
laser operation conditions. The results demonstrated the reduction on the order of
15− 20 % relative to the expected values in the vacuum. At the same time the gas
temperature was found on the order of 0.5 − 0.07 eV confirming the results from
high resolution spectroscopy. Finally, one observes practically no or extremely weak
variation within 20 % of measured density of metastable levels on the radial scan of
4 cm in the PSI-2. The density of metastable levels was estimated on the order of
1.75× 109 cm−3 compared to the gas density of Ar of 3.6× 1012 cm−3 (0.05 %). For
the calculation an absorption length on the order of L = 40 cm (diameter of PSI-2
chamber) is assumed, which could not be covered by the measurements to perform
the Abel inversion. The fact that practically no or weak variation of metastable
levels in PSI-2 plasma as a function of radius is observed, confirms the data [Mar18]
on the one hand. On the other hand, it means that the ratio of metastables to
ground state remains constant so that they could contribute to the Doppler-shifted
emission. Also, by inserting and biasing the target no change either in population of
metastables or in emission signal was detected: the quenching of metastable by fast
atoms is expected to be negligibly small relative to diffusion or other depopulation
mechanisms (electron excitation to resonance levels or ionization). Nevertheless, one
of the results the TDLAS measurements provided is of special interest for future
studies. It is shown that the density of metastable in PSI-2 plasma depends linearly
on electron density by mixing Ar with H. Obviously, the molecules of H2 do not
penetrate into the emission volume to quench the metastable levels. Unfortunately,
the ions ratio (Ar+ to H+) is changed by any modification of the gas flows between
Ar and H. By using the latter experimental fact and by measuring the relative ratio
between ions in PSI-2 plasma using for instance ion-mass spectrometer and emission
of reflected atoms one should be able to answer this question: emission of atoms are
caused by excitation or by excitation transfer. Other approaches seem to be less
promising: the line profile of Ar I metastable levels is too broad to be measured using
for instance pump-probe lasers as the steady state operation has to be guaranteed.
Summarizing, one should underline that the success of operation of a new DSRM
diagnostic in low density plasma is the major result of this thesis because it has
a rather weak dependence on any of the given problems of atomic physics. These
problems could not be resolved in this thesis completely. No doubt that the DSRM
diagnostic, being currently the only available technique to provide the optical prop-
erties of solids contacting the plasma in the absence of additional light sources, will
find broad applications in fusion or other laboratory plasmas and stimulate the dis-
cussion on low energy (10−100 eV) atom-atom collisions of excitation and excitation
transfer.
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