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Supervisor’s Foreword

Power and particle exhaust are major challenges on the way to a nuclear fusion
reactor based on magnetic confinement of high-temperature plasmas. The removal
of the helium ash of the DT fusion process can be facilitated by guiding the plasma
to dedicated plasma-facing components (so-called divertors), resulting in high
particle flux densities to the plasma-facing surfaces and the build-up of high neutral
pressures, needed to pump helium neutrals. With the concentration of the particle
flux to the first wall of the fusion reactor, enormous power flux densities come
along, altogether putting severe demands on the first wall materials.

Tungsten is the main candidate for the plasma-facing material in the divertor
because of its high thermal conductivity, high melting point, small uptake of fuel
atoms and low erosion rate, the last of which determines the lifetime of the first wall
components, thus the availability of a future reactor. For tungsten, erosion is
determined by physical sputtering under normal operating conditions, setting-in if
the energy of impinging ions is larger than the sputtering threshold, which depends
on the mass ratio of projectiles and wall target atoms. To optimize the lifetime
of the first wall, the plasma temperature in front of the components has to be low
enough that the energy of the impinging ions does not surpass the energy threshold
for sputtering.

Under such operating conditions, fluctuations of the plasma temperature may
dominate the overall erosion rate of tungsten, in particular via intermittent transport
events which have been observed in the plasma boundary of fusion devices but also
in linear plasma devices. As a consequence, an experimental characterization of the
excursions of the plasma temperature due to such transport events (called “blobs”)
is required to assess their importance for tungsten sputtering. The lifetime of such
events on the order of tens to hundreds of microseconds brings about a large
complexity for such measurements.

In his dissertation, Dr. Hubeny determined the electron temperature within
fluctuating structures in the linear plasma device PSI-2 by Thomson scattering and
applied for the first time a technique called conditional averaging to Thomson
scattering signals as the electron temperature within blobs cannot be determined
during one single event because of the relatively moderate electron density in PSI-2.
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Using this technique, he could quantify temperature fluctuations and intermittent
transport events. The results show that the fluctuation level and the size of inter-
mittent transport events could well give rise to significant material erosion even if
the average plasma temperature corresponds to ion energies below the sputtering
threshold. These findings may influence the choice of operational conditions in
future fusion reactors based on magnetic confinement.

Jiilich, Germany Prof. Dr. Bernhard Unterberg
November 2018



Abstract

For the viable operation of a thermonuclear fusion reactor, large pressure gradients
are necessary in the edge of a magnetically confined plasma device. Turbulent
cross-field transport across these gradients severely limits the durability of the
current reactor designs by the erosion of plasma-facing components. The convec-
tive character of this transport is caused by intermittently occurring plasma fila-
ments, which are observed with similar characteristics in the edge of a wide range
of plasma devices. Besides the ballistic plasma transport, filaments lead to pressure
fluctuation statistics with a positive skewness and kurtosis, i.e. short, local spikes in
density and temperature time traces. Erosion predictions based on time-averaged
measurements underestimate dynamic effects on erosion mechanisms, e.g. the
sputtering yield, due to its nonlinear temperature dependence.

The aim of this thesis was the development of a time-resolved laser Thomson
scattering diagnostic system to investigate plasma dynamics leading to and during
intermittent transport events, which were identified at the linear plasma generator
PSI-2 in high-powered, steady-state deuterium discharges with fast visual imaging.
To retain the temporal information in the Thomson scattering set-up, the signal was
recorded in a triple grating spectrometer on a shot-to-shot basis with a photon
counting method. The synchronization of the Nd:YAG laser and spectrometer to a
fast framing camera allowed the novel usage of conditional averaging to create
Thomson spectra. The selection of a subset of laser pulses with conditions in time
and space was based on the plasma state characterized by 100 captured frames
around each laser pulse with a time resolution of 3 ps.

Time-averaged Thomson scattering profiles of plasma density and temperature
were obtained for deuterium, helium, neon and argon discharges at different
high-power settings, and a reasonable agreement was found with results from the
Langmuir probe as the standard diagnostic tool at PSI-2. Stand-alone fast camera
measurements were used to characterize the dynamics in the visible wavelength
range and found distinct mode structures and slower oscillations with increasing ion
mass. Two synchronized fast cameras showed that these modes are elongated along
the magnetic field.

vii
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The application of conditional averaging on Thomson scattering was success-
fully tested argon discharges, where rotating brightness fluctuations with a 75 ps.
correlation time were found to correspond to a 20% temperature fluctuation
amplitude around the temporal mean at the profile maxima. Subsequently, filaments
in the edge of high-power, low gas-feed deuterium discharges were selected by
conditional averaging and a significant temperature increase was found in the edge
of Thomson scattering profiles upon ejection, accompanied by a 10% drop in bulk
density.

Finally, the fluctuation statistics from the fast camera were found comparable to
the corresponding density and temperature traces obtained by the time-resolved
Thomson scattering. A range of positively skewed temperature distributions was
constructed and used to calculate the influence on the sputtering yield.
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Chapter 1 ®)
Introduction Check for

Fusion

A major milestone to be achieved in our current civilization is the controlled usage
of nuclear fusion as a prime source of energy. In the course of history numerous high
cultures initially expanded and prospered, but eventually collapsed as they were agri-
culturally bound and thus too susceptible to the prevailing climates [1]. Only in the
current anthropocene we are tapping into a one-time cheap and plenty energy source
compressed over millennia in the form of fossil fuels. Unprecedented technological
advancements during the industrial revolution swept away the agricultural restric-
tions and permitted humanity to grow even beyond global sustainability in terms of
most resources. Moreover, the ever rising global energy demand will inevitably drain
the more ecological-friendly fossil fuels, which enables the earth hosting (currently)
10 (7) bn humans, who are incidentally as skilled and educated as never before. This
historic “sweet spot” empowers us already to harvest various renewable resources,
yet acknowledging western per-capita energy, resource and technology consumption
to all humanity will likely lead to a total exhaustion of fossil fuels with disastrous
ramifications. Consequently, steering towards an emission-free, safe and abundant
energy production is of utmost importance.

As a power base-load and hence avoiding over-excessive energy storage capabil-
ities [2, 3] nuclear fusion should be developed for promising the lowest ecological
impact after overcoming the immense technological challenge of building a fusion
power plant. Furthermore, independence of solar powered/weather-dependent renew-
able energy sources will become a substantial reassurance once the climate change
is in full swing with more erratic and extreme weather conditions.

Nuclear fusion converts the binding energy of nucleons in atomic cores to kinetic
energy by changing the potential energy of the nucleons involved in the fusion pro-
cess. Fusing light nuclei leads to the highest energy conversion per nucleon (in con-
trast to fission) with an energy density about six orders of magnitude larger compared
to the energy density stored in chemical bonds. This energy density and the short
interaction range of the strong force allow our sun to release energy for billions of
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2 1 Introduction

years. Serendipitously, the most abundant fusion fuel in the universe, hydrogen, has
a dramatically (~ 10%° [4]) lower reaction probability (cross-section) compared to its
isotopes, Deuterium and Tritium (DT), which extremely slows down the hydrogen
fusion process in our sun. DT fusion on the other hand has, by a two magnitudes mar-
gin, the highest reaction cross-section amongst all fusion reactions involving light
species [5] and is therefore the reaction of choice for a fusion reactor on earth:

D+T— *“He+n+ 17.6MeV. (1.1)

A resonant transition to the intermediate >He compound nucleus [6, Chap. 2] causes
an enhanced reaction cross-section peak at a projectile energy of roughly 80keV.
Although the temperature needed for fusion reactions to occur is even lower at
roughly 20keV due to the high energy tail in a Maxwell-Boltzmann distribution,
achieving this temperature requires the fuel to be held in the plasma state with
unconventional and exceptional insulation and heat shields. The high kinetic energies
and temperatures encountered in the field of plasma physics led to the common usage
of electron volt as unit of temperature or energy with T[eV] = é T[K] = 11600 T[K],
where the Boltzmann constant kg relates the average kinetic energy to a temperature.

The abundance of Deuterium is exuberant as the natural isotope ratio to hydrogen
15 0.0156% and thus sea water contains a virtually endless supply. Tritium on the other
hand undergoes radioactive decay with a half-life of 12.7 years, but it is produced
in small quantities in fission reactors and is planned to be bred from lithium in the
vicinity of the fusion reactor by energetic neutrons via

Li+n— “He+ T+ 4.8MeV, (1.2)
Li+n— “He+T+n—2.5MeV. (1.3)

These neutrons are readily available from the fusion reaction in Eq. 1.1 and carry
four-fifths of the total released energy due to momentum conservation, while the
a-particles (*He) carry the remaining one-fifth and are designated to maintain the
fuel temperature.

The high abundance of the Deuterium and lithium and the absence of radioac-
tive products in the reaction itself makes controlled nuclear fusion an important
(“nuclear”) solution for the energy crisis of the 21st century [7]. To gain access to
fusion as a means of electricity production a power plant ought to create an environ-
ment in which a self-sustained fusion reaction is generated, fueled and the released
energy captured. The particle velocities needed for the above reactions to take place
require the fuel to be in a fully ionized, hot plasma state [8]. The reaction rate deter-
mined by density and temperature of the plasma must be high enough to heat the
plasma by thermalization of the «-particles, while the neutrons are extracted and
absorbed outside the reaction chamber to create heat for a conventional steam cycle
and breed Tritium. There are a number of reactor approaches reaching towards reac-
tor grade fusion rates without the massive gravitational force in a burning star. From
extremely short and repetitive-explosive to steady state operated, either transient con-
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finement by inertia (e.g. in bombs/explosions) or (electro-)magnetic confinement are
under active investigation, of which the latter is related to this work.

Plasma Confinement

The core difficulty in nuclear fusion is reaching and maintaining the temperatures
needed to overcome the strong coulomb repulsion between the like-charged ions,
Deuterium and Tritium. The required ion temperatures of 10 to 20keV need plasma
containment without material contact and good heat insulation. By restricting the
motion of the ionized particles with magnetic fields through the Lorentz force the
heat conductivity perpendicular to the applied field is strongly reduced and thereby
the fusing hot center can be insulated from the solid walls of a reactor vessel [9].
Minimizing the losses of heat and particles leads to the important figure of energy
and particle confinement times, describing how long it takes for heat and particles
to diffuse or convect across the magnetic field, whereas the parallel dynamics of the
plasma are unchanged by the magnetic field in first-order approximation.

While there are reactor concepts with open magnetic field line configurations, the
most promising designs, the tokamak and stellarator, close the field lines in a toroidal
loop, forming closed magnetic flux surfaces. Since the surfaces are nested around the
central loop, ideally no particles escape via their unrestricted motion parallel along
the magnetic field. Both concepts are shown next to each other in Fig. 1.1, where
the stellarator immediately draws attention by its complicated structure. Generally, a
toroidal and poloidal magnetic field is necessary for a basic plasma confinement. The
tokamak requires a toroidal current to create the poloidal magnetic field, which is
beneficial for initial ohmic (resistive) heating, but makes this concept prone to insta-
bilities connected to this mega-ampere current. The stellarator’s three dimensional
coils create this poloidal field without plasma current and allow an unrestricted steady
state operation, while the tokamak needs additional non-inductive current drive. The
obvious downside of the stellarator is the challenging engineering and the lesser

cryostat

< [

toroida‘lz‘%"‘ y

field coils
plasma current

toroidal magnetic field N\ YW ‘planar
poloidal magnetic field plasma : field coils

Fig. 1.1 Schematic of tokamak (left) and stellarator (right) with basic components (with courtesy
of C. Brandt and C. Bickel, MPG IPP)
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number of (large) experiments put the concept about 1.5 generations behind the
tokamak.

Fusion Power Plant

Technically, the popular “50 years to fusion” have actually been achieved already
in the 1990s when the tokamaks TFTR and JET (worlds largest) produced several
MW of fusion power [10, 11], proving that fusion with a magnetic confinement
is feasible [12]. The stellarator LHD lacked permission to use Tritium as fuel but
reached similar plasma conditions, achieving a Q-factor, the ratio between fusion and
heating power, of Q=0.2, while JET conditions were closer to unity (break-even)
for a shorter time (~1 s) at Q =0.6. Consequently, the 50 years following these initial
fusion achievements are now devoted to eliminate all remaining obstacles preventing
a robust and commercially viable fusion power plant [13].

A burning DT-plasma uses the a-particles to sustain its temperature and the ener-
getic neutrons absorbed in the blanket to power a conventional steam cycle, while
the neutrons must be utilized to create Tritium from lithium (Egs. 1.2 and 1.3). For
the operation of a fusion plant the burning chamber must be constantly fueled with
DT and the created «-particle must be pumped out after equilibrating (heating) with
the plasma, since it would otherwise dilute the plasma. The technology to create all
necessary parts of the first burning fusion reactor ITER is readily available, partially
because established concepts were used for the superconducting coils, plasma heat-
ing and structural components. The immense fluxes of energetic neutrons (14 MeV)
are unprecedented and thus blanket modules are tested in ITER as one of the final
milestones. The single most crucial and still unresolved issue of fusion is the plasma
transport and all it entails, from fusion performance and confinement of «-particles
in the core to the plasma edge and its interaction with the solid wall.

Plasma Wall Interaction

The scientific progress over the last decades led to revised reactor geometries [15],
several techniques to control the stability of plasma discharges and a number of
not fully understood regimes of reduced transport, called transport barriers [16]. The
basic magnetic and device geometry used by most current and likely future tokamaks
is depicted as a poloidal cross-section in Fig. 1.2, recognizable by the x-point above
the divertor region. This shape creates a defined point of maximum heat and particle
load, whereas the main chamber requirements are reduced accordingly. The edge
transport barriers act at the last closed flux surface (LCFS) to ensure a low pressure
in the scrape-off-layer (SOL), where the plasma is transported down to the outer
leg of the divertor and pumped out. This primary exhaust point is subject to intense
research, as the engineering constraints on the maximum power load and additional
cooling capabilities strongly influence the whole reactor design and operation.

Turbulence and Enhanced Erosion

Turbulence increases particle and energy transport across the magnetic field lines
vastly and it appears on the macroscopic down to the microscopic level. Transport
barriers reduce turbulent transport significantly by limiting the structure size to the
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Fig. 1.2 Poloidal cross-section of ITER with plasma filament schematic [14]

scale on which they act, though leaving turbulent meso- and microscopic structures
intact [17]. Historically, these structures have been called blobs, avaloids or fila-
ments, of which the last is now the most adapted term due to their elongation along
the magnetic field and rather compact radial and poloidal size as sketched in Fig. 1.2.
While they have been found in virtually all magnetically confined devices, the SOL
plasma is increasingly comprised of these structures in experiments with high per-
formance discharges [18]. Since this filamentary transport is rather convective in its
nature it poses a fundamental problem to the first wall and the divertor. A steady and
homogeneous flux of plasma into the SOL and divertor can be modeled and used as
the input for erosion predictions, but how does the erosion and wall recycling change
when accounting for turbulent filamentary transport? Since the physical processes
involved in wall erosion are extremely sensitive to plasma parameters, e.g. physical
sputtering [19], the exact dynamics of the plasma transport are essential for a valid
erosion prediction and must be understood in detail.

Tungsten is the wall material of choice for its high melting temperature, low
erosion, moderate Tritium retention and absence of stable chemical compounds with
Deuterium or Tritium [20]. Usually, the design heat flux reaching the divertor is based
on its maximum heat load capacity, while the flux towards the first wall is supposed to
be limited by the fast parallel transport [21]. Hence the plasma temperatures reached
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at the first wall should be below the sputtering threshold due to the mass ratio between
tungsten and Deuterium or Tritium. However, filaments can carry hot plasma from
the LCFS towards the wall due to their high velocity and surpass the temperature
threshold. Furthermore, a SOL entirely constituted by filaments is more permeable
for charge-exchange neutrals, which are another important erosion channel, while the
large surface of the first wall holds a large potential for dynamic release of impurities.

Plasma filaments are observed as intermittent bursts of higher plasma pressure in
the edge of tokamaks and stellarator, but they are also present in devices with purely
toroidal magnetic field and linear plasma generators. While several described mech-
anisms for filament generation exist depending on plasma parameters (gradients)
and magnetic configuration [22], the similarity in the statistical properties leads to
employment of the same diagnostics to investigate the filaments, independent of the
magnetic configuration. The limited availability time of reactor sized experiments
restricts their use for testing long-term erosion effects, while linear plasma devices
are steady state operated with pressures reaching the conditions at the main chamber
first wall and divertor [23]. Investigating filaments in linear machines could thus clar-
ify their potential effects on erosion as well as testing theories for turbulent transport
in a somewhat simpler and better defined plasma environment. Therefore, physical
properties and the effects of filaments on plasma wall interactions can be studied in
detail at linear machines, where the experimental access and plasma conditions are
more flexible and cost-effective compared to tokamaks or stellarator.

Aim of the Work

Most of the currently existing diagnostics suitable for filament measurements are
limited to giving qualitative conclusions. Thomson scattering is a quantitative and
non-intrusive method, but usually limited to time-averaged measurements in low
density plasmas, yet considered one of the most accurate plasma density, temperature
and velocity measurements. The aim of this thesis is the characterization of electron
dynamics in the edge region of the linear plasma device PSI-2 by establishing a
proof-of-principle for (pseudo) time-resolved measurements of intermittent transport
events with Thomson scattering for the first time. Turbulent dynamics important for
plasma wall interaction processes are introduced in Chap.2 with a comparison of
state-of-the-art diagnostics at various magnetically confined plasma devices. The
light scattering theory is derived in Chap. 3, while the general experimental setup at
PSI-2 and the newly installed Thomson scattering setup are described in Chaps.4
and 5.

A photon counting method is developed for Thomson scattering retaining temporal
information for the combination with the imaging, by which the pseudo time-resolved
measurement is realized by conditionally averaging over the intermittent plasma
dynamics. These signal processing and basic calibration methods are explained in
Chap. 6.

Discharge conditions suitable for creating intermittent transport are sought after
by fast optical imaging and subsequently characterized. The laser aided diagnostic
system for Thomson Scattering is newly installed at PSI-2 and the measurements are
compared to existing diagnostics in Chap. 7.
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The conditional average Thomson scattering method is applied to argon and Deu-
terium discharges. The specific and characterized dynamics analyzed by Thomson
scattering are complemented with the statistical measures by the fast optical imag-
ing to evaluate the impact on erosion by intermittent plasma transport in Chap. 8.
The key question behind the thesis is whether the investigated micro-turbulence is
a significant contributor to erosion provided that the physical parameters governing
erosion processes are comparable in fusion reactor and linear plasma generators.
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Chapter 2 ®)
Plasma Wall Transition Dynamics e

The transition from the hot plasma edge to the solid first wall and divertor region is
particularly complex for its extreme parameter gradients involving the fusion fuel,
ash and impurity species cooling down the edge plasma and recycling in the plasma
wall transition region [1]. Since the gradients are dynamically changing over several
orders of magnitudes in time and space, capturing the prevailing physical processes
is challenging, especially when non-local effects require large computation volumes,
yet fine spatiotemporal resolution. Turbulence acting on multiple scales limits the
applicability of linear models to modeling equilibria, while predictions and physical
understanding need the inclusion of non-linear effects.

Turbulent transport as one of the main obstacles in fusion research is dominating
the edge and SOL region of magnetically confined devices, where a myriad of insta-
bilities can be excited in different devices depending on multiple device parameters
[2]. Consequently, statistical models and scaling laws are trying to unravel and de-
scribe the dynamics to make limited predictions. The tremendous effort to understand
these processes in the edge and SOL is twofold: In the edge pedestal the pressure
rises 2-3 orders of magnitudes over a few cm, representing a “standing wave” of
energy capable of melting kilograms of wall material on collapse and thus severely
impair the reactor operation, complicated by the fact that the pedestal stability is
caused by turbulence and self-organized fluctuations itself [3]. Secondly, turbulent
structures passed on from the pedestal towards the wall make the SOL cross-field
conductive, opposing its function to shield the first wall by transporting plasma down
to the divertor.

Since plasma material interaction and turbulent transport are vast fields of research
only the most important PWI processes are explained in the following. The influence
of turbulence on these processes motivates the effort for the advanced diagnostic
setup presented in this thesis. The drift wave instability will serve as an example for
turbulence generation. Additionally, the turbulent structures and current plasma edge
diagnostics are compared regarding similarities between toroidal reactor and linear
plasma devices, since the influence of turbulence on the PWI processes needs to be
reconciled between a real reactor and the simplified surrogate environment.
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2.1 Plasma Wall Interactions

The lifetime of the first wall and divertor is a major issue for the duty cycle of a whole
reactor power plant. Erosion of the first wall and divertor is ultimately limiting the
plasma operation, hence the processes leading to erosion are of prime interest [4].
While neutrons are mostly passing through the first wall, plasma particles, neutrals
and radiation are absorbed or reflected. For particle collisions the exact interaction
process depends strongly on the projectile velocity and the involved species, defining
the momentum transfer. Tungsten is the preferred material for most of the plasma
facing components for its high melting temperature and its atomic mass, which is
highly favorable for two-body collisions with light species. A major downside is the
radiative power of tungsten as a core impurity due to its many electronic levels as
high-Z material, which are excited once it is transported into the hot core plasma.

Figure2.1 shows a sketch of chemical and physical sputtering for fuel, ash and
impurities. The absence of chemical reactions with the DT-fuel is another advantage
of tungsten over the previously favored but very reactive carbon, which acquires
an unacceptably high amount of Tritium (bound on the surface as co-deposits and
retained in the bulk material), since Tritium is radioactive and one of the scarce
goods in a fusion reactor. The tungsten surface can be strongly modified by heat and
particle loads, leading to blisters, dendrites or cracks [5, 6]. These structures are then
less tightly connected to the surface and accommodate fuel and impurities through
the increased effective surface area. Therefore, plasma impact can release these
adsorbed species at much lower projectile energies compared to physical sputtering.
The release of neutral or ions depends on the plasma dynamics, which then further
dictate whether these particles are merely adsorbed without much impact or return
to the surface with higher energy leading to net erosion.

Tungsten has an average atomic mass of 183.84 amu and based on two body
collisions it repels light projectiles like Deuterium up to a certain threshold energy,
which is defined by the surface/bulk binding energy and the mass ratio. When sur-
passing this threshold energy, the number of sputtered atoms per incoming ion, the
sputtering yield, increases dramatically over several magnitudes. At the high energy
limit, ions are increasingly implanted into the bulk material, adding to the so-called

Fig. 2.1 Sputtering chemical physical physical
processes at plasma wall sputtering sputtering sputtering
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Fig. 2.2 Sputtering yield versus kinetic energy and temperature of Deuterium impinging on tung-
sten and other surfaces [7]

(fuel) retention in the wall, while the sputtering yield decreases again. This behavior
can be seen for all species with corresponding threshold energies and is depicted
in Fig.2.2, where the sputtering yield is shown for specific projectile energies of
different species impinging on tungsten on the left and for a Maxwellian energy dis-
tribution of Deuterium on various surface materials on the right. SOL temperatures
in the sub-threshold region up to 20 to 30eV promise negligible sputtering rates,
which is therefore used as a boundary condition for reactor operation.

The sputtering rates resolved for projectile energies and temperatures are readily
available for a vast number of material combinations [7]. While impurities account for
only a small fraction of the plasma, their share in sputtering and thus total erosion can
be significant, since their mass is five (Helium-Neon) to twenty (Deuterium-Argon)
times higher. The trajectories of charged particles are governed by the magnetic field
and an often used oblique angle towards the surface increases the chance of reflection
and minimizes the momentum transfer.

However, the generation of neutrals can occur via charge exchange (CX) in the
edge/SOL, leading to energetic neutral particles, which are not affected by the mag-
netic field and hit the surface directly along their path if no collisions change the
momentum. The further inside (towards the LCFS) the neutral is created the more
energetic it is statistically, especially in the pedestal region of the edge. On average
the net effect on erosion is determined by the penetration depth, based on species
densities in the edge/SOL and the species involved in the CX process. While heavier
impurities would cause tremendous damage for being energetic and neutral, their
higher charge state makes this process unlikely to happen.

The basic inputs for PWI models like ERO [8], calculating the erosion of first wall
and divertor materials, are steady state profiles of plasma pressure and flux in the
SOL. Impurity fractions have to be estimated and the CX process is determined by
the recycling of plasma at the wall, while the penetration depth towards the pedestal
is again estimated based on the pressure profiles. The rates of PWI processes are thus
calculated by the time-average pressure and flux profiles. Large scale transient effects
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have been considered in case of plasma disruptions and found that their tremendous
heat and particle load must be mitigated. Small scale fluctuations are not considered
so far. Key questions for modeling the PWI are the retention of fuel in and the erosion
of the first wall material. Especially the retention of tritium is critical as there is a
maximum permitted amount for a given reactor for safety reasons.

Leaving aside disruptions, and other large scale MHD instabilities, the plasma
edge dynamics can be described by a steady state diffusive transport, turbulent trans-
port and the edge-localized modes (ELMs). The latter are short-term break downs
of the edge transport barrier, which flatten the pressure gradient and release a certain
amount of plasma into the SOL. Depending on the discharge parameters, different
types of ELMs are present, generally the larger the frequency the smaller the amount
of released plasma. Regimes in which no ELMs occur show better confinement at the
expense of impurity accumulation in the core, hence smaller ELMs are considered
as a method of releasing both impurities and helium in a burning reactor.

The dynamic loading of the first wall and the divertor by ELMs and micro-
turbulence is strongly related to transport and parameters of the transient events.
ELMs are known to increase the wall temperature and viewed as a major contributor
to wall erosion. For future devices it is imperative to suppress large ELMs altogether
since their projections of size and energy content for an operational reactor would
erode the surface within days or months. Assuming absence of ELMS, transient
effects stemming from micro-turbulence seem unavoidable in fusion reactors. Al-
though transient plasma loads have been simulated by laser irradiation or electron
beams [6, 9] the effect of turbulence on the sputtering yield and erosion overall is so
far investigated theoretically only [10-12].

The extreme plasma temperature dependence of the sputtering yields requires
a high degree of certainty about the temporal temperature evolution, also within
the turbulent transport events, for predictions accounting for the gap between time
scales of experiments and a reactor are substantial: years of operation in reactors
versus hours of sample exposures in current experiments. With a few millimeters
of wall thickness to erode from the most common approach to minimize erosion
is so far to stay below the sputtering threshold for Deuterium marked in Fig 2.2,
which is determined by the erosion yield at the average density and temperature.
To understand and evaluate PWI processes governing the turbulent transport and
the resulting temperature excursions are reviewed in the following with a focus on
similarities between fusion reactors and linear plasma generators.

2.2 Drift Wave Instability and Turbulence

The most common type of waves found in magnetized laboratory plasmas are drift
waves, termed by the electron drift velocity with which these waves travel. The
associated drift wave instability is also called universal instability since it arises
from the plasma density gradient, which is present in virtually all bounded plasmas.
Since the excited wave modes and the possibly resulting drift wave turbulence plays
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a major role in the edge plasma transport [13] and thus affects the plasma wall
interaction, generation and destabilization mechanisms of drift waves are described
briefly.

In the most basic description, the Hasegawa-Mima-model [15], the equilibrium
density gradient Vng, perpendicular to a homogeneous magnetic field, is disturbed
by a small harmonic oscillation n; ~ exp {i (k. y + wt)}. As depicted in Cartesian
slab geometry in Fig.2.3a, the particle excess is countered by the adiabatic response
of electrons to the electric potential ®; along the magnetic field according to the
linearized Boltzmann relation

ed, ed; ed
—110%}10(14‘ ) —ng = nyp .
kBTe kBTe kBTe

ny =n —ng = ngexp (2.1)

Due to their high mobility (low mass) and the assumption of a collisionless plasma,
electrons diffuse from the density protrusion and give rise to a negative space charge in
the indicated area and vice versa for the remaining excess of ions. This, in turn, creates
an electric field £, which then generates the E x B-flow vg . p, in the direction of
the initial perturbation. Since the response of the electrons is adiabatic, the phase
shift between n; (and ®;) and vg, g, is 90°

E\, —ik,®,
xB, = x = _—= — 2_2
VE,xB. = V1 B. B. (2.2)
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and the wave is solely propagating without any growth or dissipation.

In linear plasma devices with cylindrical plasma geometry, the strongest density
gradient is azimuthally symmetric (around the z-axis) to first order, which makes
ky = kg and results in boundary conditions for azimuthal modes mgAs = 27r,,,
where m is the mode number, A4 the wave length of the mode and r,, the radial
mode position. In the case of PSI-2, there are even two gradient regions with opposite
propagation directions, due to the hollow density profile.

The transition from a single propagating mode to mode destabilization and turbu-
lence requires a delayed phase response of v, and a non-linear response. To describe
the broad frequency range of the plasma edge in tokamaks, the Hasegawa—Wakatani
was developed as self-consistent model including resistive effects for drift waves,
which include finite parallel conductivity of electrons and thus a mechanism to allow
mode destabilization [16]. Processes inducing resistivity include electron-ion col-
lisions, wave-particle interactions or interactions with trapped ion or electrons in a
torus or magnetic mirror [13]. As a result, the harmonic oscillation will contain a real
part in its argument Im(w) = v > 0 with ~ as the growth rate of the perturbation.

Generally, these modes grow rapidly in the maximum density gradient and lead
via non-linear effects to mode-coupling to excite other mode numbers and a broad
frequency range [15]. Especially when the perturbations reach amplitudes in the
order of the background field, power transfer to higher harmonics occurs since the
approximation in Eq. 2.2 requires additional higher order terms. While this is already
possible in the frame of Hasegawa-Mima-model, the growth and redistribution of
energy towards interacting modes in the frame of the Hasegawa—Wakatani model
gives a more complete picture of plasma transport in the regime of strong turbulence.
The free energy of the background density gradient is converted to this broadband
spectrum of drift waves until saturation, which occurs eventually upon flattening of
the driving gradient.

Besides the above mentioned mechanism to drive drift waves, ion and electron
temperature gradients are additional means to drive drift waves [17]. The effect
of broadband drift wave turbulence on transport is actually two-fold. Via self-
organization, zonal flows are created by drift waves and they can reduce radial
transport [18, 19]. On the other hand, a large fraction of the turbulent transport
is also generated by drift waves, since they tend to flatten out the gradients essential
to the operation of a fusion reactor. Furthermore, even when zonal flows and the
resulting transport barriers reduce the radial transport, drift waves are believed to
play a role in the generation of fast radial propagating edge transport events, which
are the subject of interest for this thesis and thus explained in the following section.

2.3 Intermittent Edge Plasma Transport

Turbulent cross-field transport in magnetically confined plasmas has been an obsta-
cle for the performance of all types of fusion reactors since the very beginning of
fusion research and its understanding has grown steadily over the past decades. The
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complex dynamics in the plasma edge are driven by density and temperature gradi-
ents, which are necessary for maximizing the number of fusing particles in the core,
while allowing solid wall materials at the edge. Moreover, gradients and shape of the
magnetic field and the subsequent particle trajectories lead to additional instabilities,
which increase transport and can terminate the plasma discharge in a disruption. As
these limitations on achievable confinement require larger reactor volumes with more
energy stored in plasma and magnetic field, disruptions and large scale turbulence
became a major threat to the operation of the reactor, especially the first wall. Revised
reactor geometries, damage intervention mechanisms and additional corrective mag-
netic fields addressed the problems and provide the necessary measures for a baseline
operation. The uncertainties in connection to turbulent transport in the plasma edge
and thus the long-term stability of the first wall is now determined by the accuracy
of various scaling laws, predicting the reactor performance and behavior towards the
ITER scale based on previous machines, but limited physical understanding.

Initially, the transport paradigm in the edge of a tokamak reactor stipulated that
the main fraction of the power and particle load crossing the LCFS is transported
swiftly down towards the divertor, since fast transport along the magnetic field lines
prevents the cross-field transport to the first wall. Unfortunately, measurement cam-
paigns with increasing heating power and density showed a flattening of the pressure
profiles in the SOL and thus pointed towards an increasingly convective transport
[20, 21]. It turned out that the large pressure fluctuations, formerly named blobs
for their characteristic shape in time traces, are actually field-aligned, elongated and
coherent structures, which dominate the total amount of transport [22—24]. The con-
vection and filamentary transport were not connected at first, but a detailed analysis
of filaments showed their share of transport to be significant or even dominating
the total cross-field transport. The previously termed anomalous transport, which
was described by a large diffusion coefficient with unclear reason is now necessarily
replaced by a paradigm of turbulent transport, composed of short intermittent fila-
ments. The intermittency, i.e. the absence of a characteristic frequency component
in spatiotemporal vicinity of filament occurrence, prevented an immediate under-
standing of its generation process, while statistical properties were readily available
from diagnostics with high resolution. Time traces of plasma pressure in the SOL
feature sharp positive spikes, which are caused by large fluctuation amplitudes with
a non-Gaussian distribution function. The skewness S and kurtosis K are the third
and fourth order moment of a time series x; with mean x,, and standard deviation o,
and are widely used to describe the fluctuation statistics in the plasma edge:

Ei_m3 Zi_m4
RS A R Qs Ak DA (23)
g

S

g

Despite the different magnetic structure in tokamaks, stellarators or linear devices,
similar profiles for skewness and kurtosis are found. Similarly, the probability density
function, i.e. the amplitude distribution, of plasma fluctuations match for different
magnetic confinement devices [25]. Hence the plasma environment creating filaments
depends on relative changes in plasma properties and dimensionless scale lengths,
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Fig. 2.4 Schematic view of
filament structure and
propagation mechanism
adopted from [26]
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which seem to be reached in many magnetically confined plasmas. Nevertheless,
the individual mechanisms in a specific environment differ and thus theoretical de-
scriptions for the tokamak SOL filaments might not be applicable for linear plasma
generators. While the generation of filaments in tokamaks is linked to magnetic cur-
vature effects [26-28], linear magnetic topologies require drift wave turbulence or
shear flows for promoting filament generation in the absence of magnetic curvature
[29-31]. Generally, the field-aligned shape depicted in Fig.2.4 induces a particle
drift leading to a polarization. Thus, the propagation of filaments is again caused
by different mechanisms leading to self-generated E x B-motion [32], in which the
collisionality plays an important role to distinguish between propagation modes [26,
33].

The essence of the extensive body of research in terms of filament structure and
motion is the ubiquitous existence of ballistic, coherent transport phenomena, which
carry heat and particles across the SOL. Their large pressure amplitudes cause in-
creasing values of skewness and kurtosis in the SOL, depending on the ratio of
filament to background pressure, and the transition of the skewness profile to neg-
ative values is considered as indication of the filament generation region, which is
generally at the position of transition from edge to SOL. The structure size is up
to several meters along the magnetic field and in the order of one to a few cm in
poloidal (azimuthal) and radial direction, while the radial velocity reaches up to sev-
eral km/s. Size and velocity are rather influenced by scale lengths and dimensionless
parameters than machine size, thus the spread of figures is limited. The absence of a
singular theory for filament dynamics leaves only the consistent statistical properties
as possibility to judge the influence of filamentary transport in a particular plasma
environment, independent of the magnetic configuration. The skewness is especially
important as it directly describes the pressure fluctuation distribution and thus the
potential influence on PWI processes.

The biggest uncertainty for estimating the influence of filament transport on ero-
sion is the resemblance of the fluctuation statistics to actual temperature fluctuations,
since a pressure increase could stem from increased density and/or temperature.
While only the latter would lead to enhanced erosion compared to mean value pre-
dictions, higher than background temperatures are likely since intermittent structures
are generated and ejected from a temperature gradient region. However, secondary
effects can also occur if the higher short-term density of plasma impinging on the
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wall leads to a higher release of impurities, which would otherwise be bound on the
surface at an average plasma flux. Thus, besides the direct interaction of filaments
with the first wall, the increased recycling of plasma at the first wall is another im-
portant implication of convective transport, since it provides a source for impurities
and CX processes.

2.4 Diagnostics for Edge Plasma Turbulence

The fluctuations generating turbulence and intermittent filamentary transport are vis-
ible in density, temperature, electrostatic potential and velocity fields of the plasma.
Ideally, these quantities are measured with spatiotemporal resolution in the range of
millimeters and microseconds.

The most commonly used diagnostic for localized measurements are Langmuir
probes, inserted dynamically or stationary in the plasma edge of toroidal devices or
the whole plasma in basic (linear) plasma devices, where the heat load is usually
tolerable. One-point fluctuation measurements give access to the particle flux I", ~

ne+/T,, consisting of electron density n, and temperature 7T,, or floating potential
Vi, while two-point measurements combine both potentials to infer the local radial
or poloidal (azimuthal) electric field, E and E »» respectively. Subsequently, the
velocities correspond to v/, = =E p/r X B /B?), while velocities are also estimated by
the delays between (coherent) signals. Larger structural properties can be obtained by
2D probe arrays and combinations of fixed and movable probes. Virtually all plasma
devices studying filaments use Langmuir probes, while an extensive characterization
of plasma fluctuations was performed, e.g. in TORPEX [34], CSDX [35] or VINETA
[36]. Depending on the experimental effort velocity fields and potential structure of
filaments can be obtained with probe arrays and by repeated measurements in similar
discharges.

However, the incomplete theory about probes in magnetic fields and possible
plasma perturbations by the probes themselves make the quantitative interpretation
difficult. Active optical diagnostics using a local source of radiation by neutral atom
beams directed through the plasma edge are called beam emission spectroscopy and
have been used in TEXTOR [37], DIII-D [38] or AUG [12, 39].

Here, only the density profile evolution is measured, while imaging the atomic
emissions of an injected neutral gas puff (Gas puff imaging - GPI) produces 2D
evolutions of density for a limited time, but both methods achieved resolutions near
~1 mm and ~1 ps [40, 41]. Both methods rely on models to calculate the plasma
density from local atomic emissions. Furthermore, the application of fixed frequency
reflectometry (FFR) was extended to study filaments at AUG [42]. While the spatial
resolution is only in the range of a few cm, the temporal resolution of 0.5 s enabled
radial velocity estimates comparable to Langmuir probe measurements.

Fast visible imaging can provide high spatiotemporal resolutions for filament in-
vestigations, if the source of photon emission is strong and localized, e.g. the neutrals
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in the SOL are only excited by filaments (MAST [43, 44], Alcator C-MOD [45],
QUEST [46]). Image analysis provide shape, velocities and fluctuation statistics of
filaments, while the plasma parameters causing the emission fluctuations are usu-
ally assumed to be density related. Cross-checking of several methods in the same
plasma volume confirmed similar fluctuation statistics in a number of experiments
[38, 47], however especially disentangling density and temperature fluctuations (e.g.
in a collision-radiative model in Helium [48]) is complicated since Langmuir probes
and optical methods can not measure both quantities independently (with high tem-
poral resolution).

Thomson scattering measures density and temperature intrinsically independent
by laser Doppler broadening and is routinely installed on most toroidal devices, while
basic plasma experiments rarely use it, due to the usually lower plasma densities and
thus low signal level. If a single laser shot suffices for a measurement, the time reso-
Iution is usually ~10 ns (Q-switched Nd:YAG) with a spatial resolution in the range
of mm to cm. A 2D density and temperature profile measurement of filaments was
realized with five simultaneous laser beams through the edge of AUG, where fluctu-
ation statistics and amplitudes for filaments were investigated [49]. Plasma densities
below ~10'"® — 10" m~3 usually require multiple laser shots to reach a signal-to-
noise ratio (SNR) for a statistically sound data interpretation, though eliminating
temporal resolution.

There are a number of additional diagnostics complementing the aforementioned
ones, which are usually or intrinsically without time resolution, but modeling or
chopping data collection enables drawing conclusions for filaments. Whether the
propagating filaments carry hotter than background ions with them can be tested
with retarding field analyzers, which intend to measure the ion velocity distribution
function (IVDF) by collecting ions in a probe with a voltage-swept grid arrangement
[50]. Laser induced fluorescence (LIF) is another laser-based, active spectroscopy,
probing the IVDF and requires accumulation of several laser shots. However, the time
evolution of the IVDF for an unstable magnetized plasma column was retained by
in-phase triggering of laser and plasma rotation [51]. This phase-locking technique
is also applicable for TS for a wide range of plasma phenomena [52, 53], since the
time resolution is ultimately only restricted by the laser shot duration.
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Chapter 3 ®)
Laser Light Scattering as Plasma e
Diagnostic

Laser scattering on plasmas as an active spectroscopy method has become an integral
part of the diagnostics in fusion research [1]. Laser-based spectroscopy provides
non-intrusive measurements and time resolutions based on the duration of a laser
pulse. Reliable and quantitative techniques are extremely useful, especially in the
transition region between plasma and wall, where material and plasma parameters
are dynamically changing over several magnitudes, and sophisticated diagnostics are
thus required to make long term predictions.

The scattering of electromagnetic waves off charged particle ensembles can be
used to gain information about the state of the charged particles [2]. The processes
leading from single electrons wave scattering to the desired signal of Thomson scat-
tering and sources of relevant interfering scattering processes are derived briefly and
discussed in this section.

3.1 Laser Scattering

The interaction between electromagnetic radiation and charged or neutral particles
can be described as a scattering process, if the interacting photons are promptly re-
radiated. Since the laser photon energy in this work is far less then the rest energy
of the lightest involved particle, the electron, a momentum transfer described by the
Compton effect can be neglected, since hf = 2.33eV<K m.c> = 511keV, where
h is Planck’s constant, f the frequency of the photon and m, the electron mass.
Furthermore, the electron kinetic energy of up to 50eV corresponds to a velocity of
less than 1% of c, the speed of light, hence relativistic effects for all scatter centers can
be neglected with plasma temperatures in the order of a few eV. These assumptions
make the interpretation of the scattered light less cumbersome and straightforward.
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Fig. 3.1 The cross-section

and number N of particles in
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Therefore, the derivation is presented briefly here and a detailed and comprehensive
derivation of laser scattering of charged and neutral particles in plasma is found in
Chap. 7 of [3], while an early review for laser scattering as plasma diagnostics tool
is reported in [4]. For brevity, key dependencies of several important interactions
shall be presented in the following, highlighting their implication towards signal
interpretation.

The release of a photon via the acceleration of charged particles by the electric field
of a photon is called Thomson scattering and hence the Thomson spectrum contains
information about each charged species in a plasma. Neutral particles or molecules
interacting with the electric field through the polarizability of their electron clouds
is called Rayleigh scattering. Both of these processes are elastic, while in a Raman
scattering process rotational or vibrational transitions can be induced in molecules
and thus it is an inelastic scattering process.

The fraction of scattered light created by passing through a volume A X Lpe can
be described geometrically by the number of scattering centers as depicted in Fig. 3.1
in terms of density n, (two-dimensional) cross-section ¢ and length of the scattering

volume L p,;:

N,

ﬁ =nLpuo . 3.1)
The fraction of scattered and incoming photons, N and N;, can also be replaced by
a corresponding power of the signal with P = N f/)\. Since the scattered radiation
is generally not isotropic, o is replaced by

do

0= —AQ, (3.2)
a2
where g—gz is the differential cross-section and A is the solid angle captured in the
experiment.

Macroscopically, the velocity distribution of a plasma species in the plane of the
electric field induces a Doppler broadening of the incoming light. Individually, each
particle is in motion and thus the scattered photon experiences a Doppler frequency
shift in the incoming direction w, = w; — lgl - v and a subsequent shift w, = w, +
k: - v in the scattered direction. The wave vectors lg, and kqs define the scattering
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plane and point into the direction of incident and scattered photon, respectively.
The scattering vector k defines the final direction in which the particle velocity is
projected upon.

Besides the angular distribution for evaluating the signal strength in a given scat-
tering geometry, the spectral distribution is one of the key parameters sought after in
this experiment. Due to their low mass compared to ions, free electrons are acceler-
ated easier and have higher thermal velocities, which increases both signal strength
(scattering cross-section) and the Doppler shift. The scattered signal power P; is
derived by the equation of motion for an electric charge in the incident, polarized
electric field E; with negligible magnetic field effects and leads to a spatial power
distribution of

d P

oo = rZsin? pee| E; |2, (3.3)

where €; and ¢ are the dielectric constant and ¢ the angle between I::i and the
scattering plane, respectively, and

62

e = ——— 3.4

4megmoc?

is the classical electron radius with the rest mass being the electron mass moy = m,
and e being the electron charge. In accordance to the dipole emission distribution,
the power emitted in the direction of acceleration vanishes (¢ = 0). The angular
dependence of Eq.3.3 on the angle between E ; and the scattering plane is omitted
here for simplicity, since it is negligible by using a perpendicular scattering setup.
Then, the power distribution normalized by area leads to a differential and total

cross-section

dO'TS 2 8w 2
=r, ors = 1,
a2 3

(3.5)

The scattering geometry with the aforementioned electric field and wave vectors is
sketched in Fig.3.2, for the case of a perpendicular setup. The angle 6 is defined

Fig. 3.2 Scattering
geometry of wave vectors
and electric field for a
perpendicularly scattered
wavefront from linearly
polarized, incoming laser
light

Scattering
center

Linearly Polarized /
Laser Light
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by the incoming (red) and the observed (blue) wave direction and will vary slightly
depending on the observation trajectory, while ¢ can be chosen strictly perpendicular
to maximize the cross-section.

The magnitude of this cross-section is even for electrons rather small with
ors = 6.65 x 1072 m?. Therefore, an intense light source is required to gener-
ate a sufficient and measurable number of scattered photons. The ion contribution is
present as well, but in close spectral vicinity to the Rayleigh signal of neutrals due
to the small Doppler shift. Nevertheless, the electrons can carry information of the
ion population, depending on the phase relation between all the scattered photons
within the excited area and a volume constructed by the Debye length Apepye, the
Debye sphere. The measure of the collectiveness is called scattering parameter [5]

1 Y en,
o= R - (3.6)
kApebye  4msin(8/2)\ eoksTe.

and relates the electron response to an external field with the scattering wave vector
k to a dimensionless number. For the case o >> 1 the electrons in a Debye sphere
experience the same phase of the electric field as illustrated in Fig.3.3b, which is
called collective or coherent Thomson scattering. Collective TS is also called ion TS
since the collective motion of electrons over a larger scale (than the Debye length)
involves the ions as the slow and heavy background charge. In contrast, « < 1 means
the Debye shielding cannot follow the electric field, such that the scattered photons
bear no phase relation as the wavelength is much smaller than the Debye length,
depicted in Fig. 3.3a. Therefore, this limit is called incoherent TS and contains only
information about electrons. For a maximum of density of n, = 10' m~3, aminimal
temperature of T, = 2eV, perpendicular scattering § ~ 90° and the laser wavelength
of \; =532nm the scattering parameter is at the largest « = 0.018. However, by
choosing an observation at a smaller angle the scattering wave vector k decreases
towards a more collective photon emission, independent of the plasma parameters.
In this work the incoherent TS limit applies to all experimental conditions, since
the observation angle strictly perpendicular to the wave vector and densities and
temperatures are such that o < 0.018.

With the approximations above, the individual photons are scattered according to
Eq.3.3 and without collective effects the total power is just the sum of all photons
scattered by electrons. The total cross-section and its dependence on the scattering

Fig. 3.3 Wave vector and (a) Debye sphere (b)
wavelength A = 27/ k shown

in relation to Debye sphere A /;\
for a incoherent TS and b D D
collective/coherent TS

ik 2m/K
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direction is contained in Eq. 3.5, which leads to a relation between scattered photons
and the density of the plasma in Eq. 3.1. However, the spectral shape of the scattered
photons is caused by the individual velocity of the electrons.

The observed spectral shape can be described mathematically in terms of the
electromagnetic radiation in the far field, with linear, non-relativistic motion of the
electrons. The scattered electric field as a function of frequency can be written as (cf.
[3) o

By = PR D) e o d X B 6T —w). 3.7)

r

in which r is the distance to the scattering volume and €, x &, x E; resembles the
angular dependence. The -function in the last term stems from the monochromatic
nature of the incident wave and directly projects the velocity field on the direction
of k. Similar to Eq.3.3, the spatial and spectral power distribution then reads

d’ P,
dQdf;

= rZsin ¢ceo—6(fs 1D, (3.8)

where <= is the mean incident power density and f and f; are scattered and Doppler-
shifted frequency, respectively. Integration in velocity space and the number of par-
ticles leads to the total energy scattered by n electrons with a velocity distribution
f@).

The combination of monochromatic input wave and the single frequency scatter-
ing field per projected velocity leads to the direct proportionality of the measured
spectrum and the velocity distribution in the dimension of k. Non-thermal features
would therefore be directly visible, given a high enough spectral resolution and mea-
surement in the direction in which the depleted or enhanced velocity distribution
occurs. However, conclusions about the three dimensional velocity distribution and
thus the energy distribution of the electrons are only possible for isotropic distribu-
tions.

To evaluate the complete spectrum of the scattered photons for the case of a
Maxwellian distribution the spectral dependence of the cross-section is written as

ok, Aw) = o7sS(k, Aw) = o1 Si(Aw), (3.9)

where S (Alz , w) is the dynamic form factor and Sy (Aw) the projection along k. For
incoherent scattering and a monochromatic light source the projection of S;(Aw) is
the spectral distribution function. Since the frequency shift is directly proportional to
the wavelength shift and particle velocity Aw ~ A ~ v,,, the probability of finding
scattered photons in a wavelength interval S(AM)d A\, follows directly the velocity
distribution function. For a one-dimensional Maxwellian distribution of electron
velocities the spectral shape becomes
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2
AA ) :|d)\5, (3.10)

1
Si(Aw)dws = Sp(AN)dNy = ——— — =
K(Aw)dw (AN A)\1/eﬁexp |: <A>\1/e

where the normalization prefactor

2kpT,

m,c?

A)\l/e = )\i 2s1n(9/2)

(3.11)

is the width of the scattering spectrum and leads to the electron temperature in the
plasma. Solving for 7, leads to

A
T, = —— ( 1/ > . (3.12)
8kp sin“(0/2) i
Plugging in the used laser wavelength of \; = 532 nm, perpendicular scattering

geometry (6 =90°C) gives
T, = 0.452 (AN1.)* [eV], (3.13)

with A)j/, given in nm. A schematic depiction of the spectral shape is shown in
Fig.3.4, in which the width and area of the spectrum correspond to the respective
electron temperature and density of a Maxwellian plasma. The low intensity ends
of the spectrum have to be discriminated against Poisson (shot) noise, while in the
central part the superimposed stray-light originates from unwanted laser scattering
or other processes explained in the following section.

Fig. 3.4 Schematic T '7/\_ " Stray light
spectrum for incoherent _ dominated
Thomson scattering with
width and area of the
Gaussian shape indicating
electron temperature and
density, respectively

Signal [Photons]

Noise area~n, AA,~\T,

dominated

525 530 535 540
Scattered Wavelength [nm]
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3.1.1 Rayleigh and Raman Scattering

Laser light not only interacts directly with charged particles but also with neutral
atoms and molecules by the polarizability of the electron clouds. Elastic scatter-
ing with particles much smaller than the wavelength of the incident light is called
Rayleigh scattering. For the probability or signal strength of the scattering process
Eq.3.1 applies but with the corresponding scattering cross-sections. These processes
can be useful for an absolute calibration of the photons received by Thomson scat-
tering, since the efficiency 7 of the optical setup is the same for both scattering
processes. A detailed knowledge about the Rayleigh and Raman spectrum is neces-
sary to effectively use them as a calibration basis. Serendipitously, these methods are
widely used, especially Raman scattering (RS) for its spectrum contains information
about chemistry of the probed molecules. In this work, Raman scattering is routinely
used, while Rayleigh scattering has been tested as well. Raman scattering has, due
to its inelastic character, the advantage of a wider spectrum than Rayleigh scattering
and hence occupies a similar wavelength range compared to the Thomson spectrum.
The disadvantage of RS having a cross-section 5-6 magnitudes smaller than TS is
overcome in practice by filling the chamber with a sufficient neutral pressure. Noble
gases are not suitable for RS since it needs molecule transitions and thus at least
diatomic gases have to be used with a pressure in the millibar range to provide a
particle density in the order of 10>*~10% m~3. Nitrogen is commonly employed for
TS experiments in low temperature plasma experiments [6—8], while Deuterium is
preferred for high temperature experiments [9] for its higher transition energy (and
thus spectral distance).

The spectrum created by RS contains multiple lines representing the transitions
induced during the inelastic scattering process. The two inelastic processes shifting
the incident wavelength are rotational and vibrational transitions in the molecule, of
which the vibrational transition has a much larger excitation energy and is important
only at high temperatures. Thus, at room temperature, all molecules are considered to
be in the vibrational ground state. The scattering cross-section determines the initial
probability of a Raman scattering scattering event similar to Eq.3.1:

N; do
ﬁi = nLDe[—d;;S, (3.14)

with ors being the sum of all line transitions in the RS spectrum:

ORS = ZHJUJ—w, (3.15)
J

where n; is the density of the initial rotational state and determined by the Boltzmann

E,
kgT

states and g a statistical weight factor, which is g; = 6 (g; = 3) for even (odd) J in
Nitrogen. The energy of a state is E; = B(J/J + 1) and B = 2.48 - 10~*eV for

relation n; = Q7 'g; 27 + 1) exp( ) with Q being the sum of all accessible
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Nitrogen molecules. Q is expressed in [10] by

E Okp T
’)w B (3.16)

= 2J+ De —
0 ;gx +1) xp(kBT 5
The differential cross section of an individual transition o;_, ; for a perpendicular
scattering setup is given in [11] as

dU‘/‘)]' 647T4b "/2
= J—=J

= : 3.17
Q458 G4

4
>\J—>J/

where 7y is the polarizability anisotropy and b;_, ;» are Placzek-Teller coefficients,
given by

33U+ DU +2)
bisssr = 2027 + (2T +3) (3-18)

and
3J(J -1

227+ D2J - 1)

bjsyja= (3.19)

The value of 7> = (0.395107%? 4 8%) F> m* stems from measurements and refer-
ences within [11] and is interpolated at \; = 532 nm. With all of the above equations
a theoretical Raman spectrum for a given temperature and gas density can be cal-
culated. The spectral width of each transition is smaller than the instrumental func-
tion, thus the latter is used for the calculation. The comparison between a theoretical
Raman spectrum with all individual lines visible and a resulting spectrum with higher
instrumental function can be seen in Fig. 3.5. The statistical weight factor causes the
switching heights of the transition lines and the asymmetry between the side lobes
of the spectrum is due to the temperature dependence of the rotational state density.

—_ Raman Transition Lines ‘ I Rayleigh Line
2 5 (high spectral resolution) = = Nd:YAG Laser
— Raman Spectrum
E- 4 (low spectral resolution) I 4
o —
§ 5l  Tw=293K | |
£
27 | I
E A LR *
€ o ‘ ..||‘|l| | | ‘ |||||.. ‘

526 528 530 532 534 536 538

Wavelength [nm]

Fig. 3.5 Raman spectrum for Nitrogen at 293 K composed of individual transition lines (black)
and the resulting spectrum for finite spectral resolution (dashed gray)
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3.2 Laser Absorption

Although a laser with an average power of 10 W might hardly be able to change
global plasma characteristics of a 20kW discharge, a strong laser focus could enable
non-linear interactions to become important. A local increase of plasma density
and/or temperature through absorptions changes both probing beam and measured
quantity and invalidates the measurement. The main absorption mechanisms are
inverse bremsstrahlung and photo-ionization [12, 13].

Electron heating by inverse bremsstrahlung is the absorption of a photon by an
electron in the vicinity of an ion to conserve the momentum. The energy is deposited
in the plasma through collisions during the acceleration in the radiation field and
conducted on the time scale of electron-ion collisions and electron-neutral collisions.
The maximum temperature increase occurs when the laser pulse is short against these
times, which is the case for all plasma conditions in PSI-2. The relative increase of
electron temperature has been estimated by [13]:

AT, onZ> hf, E,
=338 1079 2 __y3 [1 —exp (— f )} = (3.20)

T, (kp Te)3/2 ! kpT, ﬂ-rl%aser

where njq, is the ion density, Z is the ion charge number, f; is the laser frequency,
E; is the laser pulse energy and rs; is the minimal laser spot radius. The high-
est density and lowest temperature is assumed together with a diffraction limited
laser beam radius at the highest power to estimate the worst case. Taking Z = 1
andthusn; = n, < 10°m™3,7, = 1eV, riger = 0.3mmand E; = 1.2 Jyields
AT,/T, = 0.3% and decreases rapidly for increasing T, hence this effect is negli-
gible.

The absorption by photo-ionization increases the local plasma density and intro-
duces a source of plasma if the ionized plasma states are repopulated during the laser
pulse duration. Generally, every electron state requiring less energy than the laser
photon provides can be ionized directly, while multi-photon ionization is possible
at sufficient power densities. Although the cross-sections are significant for excited
Deuterium and Argon states, the state density is low compared to the plasma density
since the neutral density in the PSI-2 exposure chamber is strongly reduced by a
diaphragm and states close to continuum are easily ionized by collisions already
(Boltzmann relation). Furthermore, a strong state depopulation by ionization along
the laser path can be excluded as no absorption of laser light was observable within
the given 1% accuracy of the laser power measurements.
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Chapter 4 ®
Experimental Setup on PSI-2 e

4.1 PSI-2

The linear plasma generator PSI-2 is operated by the IEK-4 at the Forschungszentrum
Jiillich GmbH and originates from the upgraded PSI-1, located at the Humboldt Uni-
versity Berlin until 2010. The plasma environment in PSI-2 is utilized to investigate
plasma wall interactions and imitate the first wall and especially divertor regions in a
fusion reactor [1]. Its steady state plasma operation capability is important for reach-
ing exposure durations and thus fluence levels for relevant scientific insights into fuel
retention studies [2] and erosion predictions [3]. Additionally, PSI-2 is thought to be
a precursor experiment to a completely remote handled plasma generator JULE-PSI,
which is placed in a hot cell to expose activated materials and samples [4].

Figure4.1 shows a three-dimensional model of the complete experiment on top,
while the plasma chamber is sketched with detailed part descriptions in the bottom
picture. The plasma at PSI-2 is generated by an arc discharge between a hollow
and cylindrical cathode and anode. The Lanthanum hexaboride LaB¢ cathode has an
inner diameter and length of 6¢cm and 7 cm, respectively, while the anode is made
of Molybdenum with an inner diameter and length of 5 cm and 40 cm, respectively.
The cathode is heated to about 1600 °C to lower the potential for electron emission
towards the anode. The anode occupies the whole length of first and second magnetic
coil and is grounded to the chamber walls.

The magnetic field at PSI-2 is generated by six water cooled copper coils, which
create a steady state magnetic field of upto B, = 0.1 T in-between the coils and source
region and up to 0.3 T in the center of the two main coils enclosing the exposure
chamber. The magnetic field lines and strength of the two vector components are
visualized in Fig.4.2a and b, respectively, and are based on an IDL routine using the
Biot-Savart law with the standard settings at PSI-2. Following the cathode region
in positive axial direction, the magnetic field contracts and intersects the cathodes
tubular shape. From its inside the emitted electrons are accelerated towards the anode
and ionize the working gas, which is inserted through an inlet between cathode and
anode. Since the further contracting magnetic field does not connect the electrodes
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Fig. 4.1 Technical drawing [3] and schematic (with courtesy of C. Brandt, FZJ) of PSI-2 with
plasma shown in scale and shape

directly, both plasma and neutral gas are forced to flow through the anode into the
magnetized plasma chamber, which consists of 3 parts: Differential pumping stage,
exposure chamber and a plasma dump to terminate the plasma column. The first
stage is separated from the rest of the chamber by a gas diaphragm, which blocks
the neutral gas around the plasma column, thus allowing the second stage to have
far less neutrals in the plasma and in the region between plasma and chamber. This
increases the ionization degree and gives flexibility in the amount of neutrals desired
in the exposure [5].

The shape and diameter of the plasma profile at the source is defined by the
strength of the magnetic field downstream as visualized in Figs. 4.1 and 4.2, while
the profile broadens by cross-field transport along the axis. The two additional smaller
coils in the exposure region generate an almost constant magnetic field, similar for
all indicated measurement positions. In contrast to linear devices with a completely
homogeneous magnetic field, the changing magnetic field could also modify plasma
transport by curvature effects. Since the installed T'S diagnostic is mainly compared to
the Langmuir probe, their axial distance of roughly 30 cm should result in comparable
plasma parameters, aside from the potential influence of the flux expansion behind
the diaphragm on the probe measurements.

The first wall of a fusion reactor will have a number of species present in its
vicinity. Besides the fuel (DT) and “ash” (Helium), Nitrogen, Argon or other noble
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Fig. 4.2 Standard magnetic field configuration at PSI-2. a Field lines in azimuthal plane with
indicated source position and resulting plasma profile projection along the field. b Magnetic field
strength versus axial position for radial and axial vector component at center and edge (r = 8cm)
with indicated diagnostic positions

gases might be used to cool down the SOL by radiation. Thus, working gases at
PSI-2 include H,, D;, He, N, Ne, Ar, Xe, Kr, which are commonly introduced into
the source, but can also be injected into the differential pumping stage or exposure
chamber.

4.2 Langmuir Probe

Langmuir probes are a standard diagnostic tool for low and high temperature plasma,
since they are cost effective and versatile. They were first described in the 1920s by
Langmuir and Mott-Smith as cylindrical electrode(s) immersed into plasma. Single
or multiple electrodes, usually made of Tungsten, are biased with a AC or DC voltage
source or left unbiased at the so-called floating potential. Depending on the oper-
ational mode the basic plasma parameters accessible are the density, temperature
and floating potential of the plasma at high temporal resolution. Multi-pin and/or
multiple probes allow the derivation of parameters like electric fields or spatial cor-
relations within the plasma. Both construction and data analysis of Langmuir probes
are covered in great detail in [6], since the exact probe plasma interactions depend on
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Fig. 4.3 Current response (I-V-curve) for single pin Langmuir probe and combined for a double
probe

many aspects of probe and plasma conditions. Only the basic ideas of probe analysis
are presented in the following.

For the basic plasma characterization at PSI-2 a double probe design is used,
which consists of two identical tungsten pins with 1.5mm diameter and height,
spaced 1.5 mm apart and housed in a ceramic tube. The double probe pins are either
biased relative to each other with a floating power supply at an amplitude of 45V
and a frequency of 50 Hz. At the maximum voltage amplitude of each cycle, one pin
is collecting ions and the other electrons. Alternatively, only one pin can be used
with same power supply but grounded, thus the probe is used as single probe and the
second pin can be used floating or biased at a fixed voltage.

To illustrate the current response of a single (b) and double probe (c), a typical
cycle of a single probe is shown in Fig.4.3a, b, where the density defining region is
at the ion saturation and the temperature defining region is at the transition. In the
ion saturation the bias is high enough to repel all electrons and the current drawn by
the probe is given by:

la = Cen, Au | ( 221 4.1
sat = L €N Aeff (Ml )7 ()
where C is a constant accounting for the presheath density reduction, A is the
effective current collecting area of the probe and M; is the ion mass. The ion saturation
current in PSI-2 is much smaller than the electron current, since electrons are lighter
and thus much faster than ions at comparable species temperatures.

As the negative bias of the probe is reduced electrons start to reach the probe and
at equal ion and electron current the floating potential Vj is defined in the I-V-curve.
The transition region for a single probe configuration is defined by an exponential
increase of the electron current

_evbias
I, = I, st €Xp <W>’ 4.2)
Ble

with increasing bias voltage Vyi,s. If the electron energy distribution is Maxwellian the
exponential part is characterized by a temperature. Otherwise, additional information
can be extracted from the I-V-curve by its derivatives or simply a logarithmic plot,
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which would already reveal features like two linear slopes for e.g. a hot and a cold
electron population.

Although the electron saturation current is defined similar to the ion saturation,
with the corresponding electron mass and effective area, a clear saturation is usually
not reached. The mobility of the electrons in the plasma leads to an expansion of the
effective probe collection area (sheath expansion), while the heat load by the high
electron current causes eventually electron emission. Thus, the exponential increase
is usually limited to a non-destructive limit.

The double probe design circumvents this problem by limiting the total current
to the ion saturation current, but requires either strictly identical probe tips or the
addition of another degree of freedom in the I-V-curve interpretation. Furthermore,
plasma gradients between the two probe tips can change the effective voltage. For
two probe surfaces A; and A, the measured current reads

exp (—?{BV?’) -1

e Vbias ﬂ
eXp ( s 7. ) %

e

= , (43)

where 17" is the ion saturation current for tip 1 with the area A;. The advantage of
a potential free measurement with respect to the vessel or plasma is also excluding
the measurement of the floating potential. Therefore, both probe configurations are
used at PSI-2, depending on which information is required.

The presented equations describing and analyzing the I-V-curves are the most
basic and most commonly used ones. Further corrections are made based on the
electronic circuit properties of the probe tips and connecting wires. Before plasma
operation, the sweeping voltage is applied without plasma and magnetic field to infer
resistance and capacitance of an equivalent circuit, which is then considered in the
IDL data evaluation program, which is employed for the I-V-curve analysis at PSI-2.
Additional corrections based on physical processes at and around the probe surface
depend on the plasma regime (collisionality) or type of discharge (DC or RF) and
most importantly the presence of a magnetic field [6, 7]. Especially the latter can
influence the effective probe surface by limiting it to the projected area parallel to
the magnetic field, while it further depends on the collisionality how strong this area
restriction takes effect. Although the Debye length and the electron Larmor radius
are generally smaller than the probe dimensions, especially the heavier ion species
(Argon, Krypton) can be considered unmagnetized due to their larger Larmor radii.
Therefore, a precise description of the probe vicinity is rather complex and would
need adjustments for every gas type, measurement location (radius) and discharge
setting. However, using the basic description in the equations above serves as a good
approximation nonetheless and provides a quick estimate of the plasma parameters,
while errors from the aforementioned problems must be kept in mind when analyzing
probe measurement results.

Besides the absolute measurements of plasma parameters, fluctuations around a
mean value contain valuable information about plasma dynamics. To gather infor-
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mation about the plasma fluctuations the plasma response can be measured with up
to 100kHz on the standard acquisition system, resulting in a Nyquist frequency of
50kHz and a resolution of 10 s for transient events. In this configuration only one
pin of the probe is biased to —200V, collecting the ion saturation current. The fluctu-
ations of Iy, are caused by density (~n,) and temperature (~+/T,), but the latter are
commonly assumed to be negligible. The floating potential is measured with the sec-
ond pin of the double probe via a high resistance voltage divider. A transient recorder
(HIOKI 8861) was available only for selected discharges, in which the spectral range
of the plasma response could be extended to 1 MHz.

4.3 Fast Camera

Fast framing cameras are simple to use yet their videos contain useful information
about dynamics in the range of several 100kHz. CMOS pixels with high quantum
efficiency and sensitivity collect and convert light with high read out speeds, since
the circuits for amplification and digitalizing are already integrated into the pixel
area. Naturally, the receivable light per frame decreases as the temporal resolution
is increased and a certain upper limit is reached depending on the total brightness of
the plasma.

The Phantom V711 was the main camera used to characterize the plasma dy-
namics, while the somewhat slower Phantom V641 was used supplementary. Main
properties and operational limits of both cameras are listed in Table4.1. The fastest
frame rates of 1.4 x 10% and 2.19 x 10° fps can only be achieved at the smallest
“Continuously Adjustable Resolution” (CAR). Since the pixels are not binned the
imaged area at high speeds decreases. Thus, a high aperture wide-angle lens (f/1.8
18—28 mm) was required to image of the whole plasma diameter plus the edge. The
spectral response of both cameras compared to typical line radiation is shown in

Table 4.1 Properties of both fast framing CMOS cameras

Phantom camera V711 V641

Spectral sensitivity Monochrome (300-900 nm) Color

Full resolution 1280 x 800 pixel 2560 x 1600 pixel
Pixel size 20 pm 10 pwm

ISO sensitivity 20,000T; 6,400D 1,600 D
Bit-depth 8/12 bit 8/12 bit

CAR 128 x 8 pixel 256 x 8 pixel
Fasted readout 1.4 x 10° fps 219 x 103 fps
Minimum exposure 300 ns 1ps

Internal memory 8 Gbyte 32 Gbyte
Timing accuracy <20ns <20ns
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Fig.4.5 A side view of the frame averaged brightness of a Deuterium discharge (left) and individual
camera frames showing the brightness fluctuations around the mean (right). Both spatial scales are
marked on either side with corresponding intensity scales

Fig.4.4. Although filters for all common spectral lines exist, the transmission at the
spectral line is on the order of 50%. After verifying a similar frequency response
with and without filter (especially for Deuterium), no filters were used to increase
the frame rates. A further frame rate gain is envisioned with the nominally 65%
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increased transmission of a /1.4 24 mm lens, while the real improvements should
range around 30%, based on the overall transmission of the lens system.

As there are many accessible windows at PSI-2, the cameras were used at side
ports (indicated red in Fig. 4.1), at windows F2.1 to F4.3 and the hollow cathode even
allowed axial imaging. The raw images captured by the V711 camera are shown in
Fig.4.5, where the average brightness profile is shown with pixel and cm scale on
the left. Individual, successive frames with only the fluctuation brightness parts are
shown in the right, where radially localized structures are clearly visible.
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Chapter 5 ®)
Thomson Scattering Setup oo

The development of Thomson scattering as a (plasma) diagnostic was enabled by
powerful lasers, first the Ruby laser and then the Nd: YAG laser, predominantly used
in high-temperature, high-density plasmas. High efficiency setups with strong stray-
light suppression were developed [1] to further extent the application of Thomson
scattering towards low-density plasmas or even single shot measurements at higher
densities. As a non-intrusive and active spectroscopy method it is considered one of
the most accurate diagnostics for plasma parameters [2, 3].

Equipping PSI-2 with a Thomson scattering diagnostic was part of presented
work. Therefore, the complete construction and characterization of the light path for
the Thomson scattering setup, with the central components being the light source and
spectrometer, are described in this section. A particular timing scheme is detailed to
provide a basis for the methods allowing time resolved measurements in the following
Chap. 6.

5.1 Light Source and Beam Path

The source for the scattered light is the Q-switched Nd: YAG laser Innolas Spitlight
2000 [4] with three amplification stages and a KTP crystal doubling the frequency of
the emitted light from 1064 to 532nm. The Nd:YAG crystals are optically pumped
by Xenon flash-lamps with variable intensity. Between the second and third amplifi-
cation stage the beam is expanded to a 1 cm diameter to achieve a maximum energy
of 2] per pulse at the fundamental frequency, while the maximum energy in the first
harmonic is 1.2J per pulse. The two frequency components are separated by two
dichroic mirrors guiding both beams parallel out of the laser, but dumping the funda-
mental frequency upon the laser exit. The length of a laser pulse at the fundamental
frequency is 6-8 ns according to the specifications.
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PSI-2 is located in a larger hall on an aluminum platform to maintain access to
the cooling circuits below the machine, while the plasma chamber is accessible on
top of the platform. The space around PSI-2 for equipment is limited and unsuited
for temperature sensitive diagnostics, since the hall is not temperature regulated.
Therefore, the laser light is directed to the plasma chamber from a adjacent room via
six dielectric mirrors, of which the last three are motorized and remotely controlled.
Since the laser path stretches over 30 m, a telescopic expander was used to triple the
beam diameter of the laser, which also reduces the divergence by the same factor
of three. The seventh and last mirror has a concave surface with a focal length
of 1900 mm and consists of a machined copper block with an aluminum coating,
reducing the number of optical elements by combining mirror and lens. However,
the custom made motorization could not be adopted to the last focusing mirror and
would likely be too coarse for beam alignment. Thus, following the beam path design
of the TS setup at DIFFER, a more precise piezoelectric control for the last mirror
stage would enhance the alignment and stray-light suppression capabilities [5].

Surveillance cameras are used to check the position of the laser beam by a small
fraction of its diffuse reflection. To avoid flickering 1% gray filters are used with the
highest exposure time setting of the cameras. Figure 5.1 shows the laser spot on the
last four mirrors, where only the left is a colored image. The right image contains
two laser mirror spots by using a small extra mirror reflecting half of the camera
view field. Although the beam alignment was performed manually, the cameras and
motorized mirrors already provide the basic hardware for an automated alignment
system. This was realized with similar cameras and a software algorithm for the TS
system at EAST [6].

Entrance and exit of the laser light to (and from) the vacuum chamber are realized
with Brewster windows and a system of baffles in extended tubes guiding the focused
laser beam to and from the center of the chamber. Both tubes contain each three
baffles with reducing diameter towards the chamber. The window surface inclination
of 56.65° is defined by the refractive index of the BK-7 glass and oriented such
that a lossless transmission of light occurs for a horizontal polarization (parallel to
the magnetic field vector) and thus for the required maximum RS and TS emission
perpendicular to initial polarization E; and wave vector k;.

Mirror casing

Fig. 5.1 Video feeds of surveillance cameras observing diffuse reflections of the laser spot through
gray filters
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Fig. 5.2 Laser test shots on samples (left), damaged focusing mirror (center) and laser beam profile
about 1 m from focusing mirror (right)

The beam dump behind the exit Brewster window is made of numerous small,
regular needles compressed in a 10cm diameter housing in front of a 1% neutral
density filter and a white plastic disc (PMMA) of 1 cm thickness. This construction
allows only a fraction of the laser light to pass through and visualize the laser spot
clearly and safely. The first version of the needle stack suffers from inhomogeneous
needle spacing and the diffusing PMMA, restricting the use as a calibration aid.
However, with an improved version and employment of another surveillance camera
with image processing, the intensity and spot shape of the laser can be utilized for
relative laser calibration and beam alignment.

The minimal laser beam diameter at the focus point can be estimated by the
divergence and the focal length of the last (concave) mirror. With an initial divergence
of 0.5 mrad, the divergence after expansion is 166 jurad at a beam diameter of 3 cm.
Constructing the focus of the two wavefronts, which are tilted by 166 jLrad results
in the focal points being —39 and 441 mm apart from the undisturbed focus. This
results in a minimal spot diameter of dpe,m = 640 wmm as an estimate. The real
diameter is about three times larger with roughly 2mm as seen on Fig.5.2 (left),
where samples were shot only about 5 cm out of focus.

Whether the focusing mirror, the beam path or the laser itself caused the increased
spot size remains unclear. The beam quality one meter before focusing is seen in
Fig.5.2 (right), showing expected and distinct diffraction rings, which are caused
by the beam expander, laser rod aperture and the 30m beam path [7]. In a future
setup, the focusing mirror will be replaced by a conventional mirror and lens or
a silver coated focusing mirror, since the aluminum coating failed far below the
assumed damage threshold (Fig.5.2 center). Dust and quality variations could be
excluded, since four mirrors showed damages even after extensive dust precautions
and reducing the pulse energy to 0.4J/Shot, corresponding to an average energy
density on the mirror of 0.05J cm~2. Operating the laser at the nominal maximum
output for which the internal laser optics are optimized in combination with a more
durable lens yields at least two times the usable pulse energy and possibly a better
focus.

The beam diameter defines the volume from which all the desired signal is directly
emitted and then captured, although scattered light reflected from the wall opposite
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to the observation can be captured as well. Therefore, a stripe of 28 cm by 5cm of
highly absorbing metal oxide foil (98%,“Spectral Black” by Acktar) was used as a
so called view dump, minimizing the reflected light in view of the imaging lens, both
from laser scattered and plasma light.

A further reduction of unwanted light from the plasma and laser stray-light can
be achieved by a polarization filter on the light collecting lens. Since the TS signal is
linear polarized, the relative gain to the plasma background is a factor of two, similar
to stray reflections of the laser beam. Unfortunately, standard polarization filters
are optimized for maximizing the blocking ratio, but not the transmission, which is
only in the order of 50%. Therefore, the provided filter was not usable for settings
in which no signal could be sacrificed, especially if plasma background is already
low. However, specialized filters are available with nearly 100% transmission for the
correct polarization and thus no compromise is needed.

The light path of the complete Thomson scattering setup is shown schematically
in Fig. 5.3, where the laser path described above is only outlined in the lower part. The
plasma scattering section in PSI-2 is shown on the left and the technical description
of the spectrometer (right) follows the scattered light from its origin to the capturing
Sensor.

5.2 Triple Grating Spectrometer

To analyze the scattered light and discriminate it against stray-light an advanced
spectrometer with spatial line filter and gated intensified CCD was tailored to the
wavelength range around the central laser line. The spectrometer was designed, built
and tested in collaboration with the Ruhr-University-Bochum. The intricate triple
grating design ensures an excellent suppression of stray-light by combining three
spectrometers in series, one of which is setup as a revertive dispersion element
(reversing the dispersion). Naturally, the optical losses triple although the image
aberrations of forward and reverse dispersion elements partially (first order) cancel
out by using identical holographic gratings and achromatic lenses.

The light enters the spectrometer by a 30m, 132 optical fiber bundle from Cer-
amOptics. The fibers on the receiving side are arranged linearly and have a core and
cladding diameter of 250 and 275 pum, respectively. A 135 mm f/2 tele lens projects an
approximately 4:1 demagnified image of a scattering volume with a width of roughly
1 mm by a height of 0.275mm x 4 x 132 = 145.2 mm. This ensures covering the
whole plasma diameter and a substantial distance towards the vessel walls. At the
design distance of 585 mm the solid angle of the image side of the lens matches the
solid angle corresponding to the numerical aperture N = 0.22 of the fibers.

Theoretically, the spatial resolution of a fiber is 4 x 0.275mm = 1.1 mm, but
since the exit fibers are arranged in a 3 by 44 honeycomb structure (entrance slit
in Fig.5.3), the image is further compressed upon entering the spectrometer and
subsequently the spatial resolution is diminished by factor of three. While lowering
the spatial and spectral resolution the reduced entrance slit height is beneficial for
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Fig. 5.3 Schematic of laser path, scattering geometry and triple grating spectrometer

minimizing image aberrations and vignetting in the further optical path. A slightly
different arrangement of the fibers at the exit towards the spectrometer could improve
the spatial resolution by roughly 10-20%, since there is an overlap of fibers which
are two places apart (2 and 4, 5 and 7 ...), as can be seen in the numbered fiber
sorting in Fig.5.3.

The top right part of Fig.5.3 shows the light path through the spectrometer and
depicts all optical elements. All lenses have a focal length of 250 mm, a diameter
of 100mm and an anti-reflection coating. The distance between lenses and image
planes are accordingly dimensioned to capture the full solid angle of all fibers and
guide them parallel onto the first holographic grating. The zeroth orders of reflec-
tion are absorbed by light dumps (only one shown), while the first order is reflected
at 35° towards the first, intermediate imaging lens. Three possible sizes of a notch
(1/2/3 mm) filter physically block an area around the central wavelength in this imag-
ing plane - resulting in a superb filter ratio - while the rest of the spectrum passes
through a lens onto the second grating operating in reversed dispersion setting. Stray-
light generated at and beyond the notch filter generate a small signal at the central
wavelength and results in a finite filter ratio of roughly ~1:10°.

Ideally, refocusing the transmitted light of the second grating results ina 1:1 image
of the “entrance slit”-fiber-array while (higher order) image aberrations distort the
image. An intermediate slit in this second image plane resembles now the resolu-
tion defining element for the following and last grating in the spectrometer. If this
intermediate slit is set to less then the width of the honeycomb fiber structure, sub-
stantial amounts of photons are lost but a precise wavelength calibration is possible.
Furthermore, allowing only the central row of fibers recovers the spatial resolution
of a single fiber. The ideal width to capture all scattered light without stray-light is
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0.75 mm but image aberrations and imperfect alignment increase this width to about
1 mm used during most experiments. In this setting the remaining light is transmitted
to the last grating and imaged as spectrum without the blocked wavelength region
onto the camera chip.

5.2.1 iCCD Camera

The camera used to capture the spectra produced by the spectrometer is a Princeton
Instruments Pi-Max 4 camera [8] with an intensified CCD sensor, which consists
of a front-illuminated 1024 x 1024 pixels CCD sensor and a fiber-coupled Gen III
intensifier to increase the signal generated by the incoming light. Incoming photons
are first converted to electrons (pe™) by the photo-electric effect in a (negatively
biased) photo-cathode and are then accelerated towards a micro channel plate (MCP),
which is a matrix of electron multipliers with an amplification factor depending on
the applied voltage. The gating of the camera is realized by combining the bias of the
photo-cathode and the MCP voltage. The multiplied electrons are finally accelerated
onto a phosphor screen, where the emitted photons are coupled into fibers, which are
feeding the light to the thermo-electrically cooled CCD sensor. Some specifications
are shown in Table 5.1.

5.2.2 Radiometric Calibration

The units of intensity measured with an iCCD chip are generally counts over a
certain integration time. Counts are generated by changing the capacitor charge state
on a CCD by the photo-electric effect from the multiplied photons. Quantitative

Table 5.1 Specifications of PiMax 4 iCCD camera

PiMax-4: 500kHz 1 MHz SMHz
1024F-HB-FG-18-P43

Read noise (e~ RMS) | 6.89 7.39 14.49
CCD conversion gain | 1.45 1.49 2.08
(e~ /count)

Dark charge (e~ /pixel /s)| 0.52 (at —25°)C
System amplification 15.6 — 454.5
(counts/pe™)

Minimal gate width 2.83
(FWHM ns)

Insertion delay (ns) 29.8
Quantum efficiency (%) | 50




5.2 Triple Grating Spectrometer 47

knowledge of the collected photon numbers during the integration time can be gained
by knowing or measuring all efficiencies from emission to count generation and the
sensitivity of the digitizers. Calibrated emission sources with known photon flux in
time and direction were used to find the efficiency of the optical system. Changes in
configuration, drifts and degradation make this very tedious for a lasting calibration,
while cross-calibration with a well known scattering process in the same settings is
preferred in most (TS) diagnostic setups [9, 10] and described in Sect. 6.2.

To find out about unexpected deficiencies of the diagnostic setup the efficien-
cies were cross-checked first against an Ulbricht sphere (USS-600) and additionally
with a stabilized, SmW laser at 532nm in two configurations, both in which the
notch filter was removed. While calibration with an Ulbricht sphere is commonly
employed in spectroscopy, the stabilized laser turned out to be more valuable for
gaining information about the optical system. Although the Ulbricht sphere provides
a spatially uniform emission profile and a known emission profile, drifts are usually
compensated by an integrated photo-diode, which was not available for the mea-
surement. Therefore, only a rough estimate for the overall transmission using the
manufacturer-provided emission profile was possible and showed a less than 1%
transmission. Since the photon flux of the USS-600 in the wavelength region trans-
mitted by the spectrometer is barely visible, an accurate transmission test was not
accomplished, but nevertheless necessary to check the reason(s) for the low trans-
mission. Consequently, the laser light was expanded to the solid angle corresponding
to experimental conditions (f = 135 mm, f/2). The power is concentrated at around a
narrow spectral bandwidth (0.17 nm) around the laser wavelength rather than being
spread over a wide spectral range. This provides enough signal intensity at the various
stages of the light path before and inside the spectrometer for power measurements.

Absolute Calibration with Diode Laser

Since the spectral range of the TGS is only 26 nm and the first few nm besides the cen-
tral wavelength contain the most important signal the usage of a small diode pumped
Nd:YAG with stable energy output provides a number of useful information. Besides
the absolute performance measurement at 532 nm, the laser is powerful enough to
measure the transmission along the optical path through point measurements at every
image plane. A diffuse, broadband light source needs to be wavelength filtered and
either collimated or viewed from a large distance to imitate the light collection path,
while the laser light is already parallel and the <1.8mm spot-size was expanded to
match exactly the solid angle of the tele-lens capturing the scattered laser light during
Thomson scattering. The laser light inside the TGS focuses on a spot, rather than a
spectral line, and its full power can thus be measured by a germanium diode with a
diameter of 10 mm. The linearity of this diode was tested beforehand with an array
of gray-filters, varying the laser power over four order of magnitude. To exclude
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general doubts about the specified laser power and iCCD performance, the minimal
configuration consists of coupling light via a 2m fiber directly on to the iCCD cam-
era. The laser (with gray filters) was again cross-checked with a wavelength filtered
(few nm bandwidth around 532 nm) USS-600 emission and the quantum efficiency
of 50% of the iCCD photo-cathode could be confirmed at 532nm. The number of
photons arriving on the iCCD was directly counted with the method explained in
Sect. 6.4 or estimated by the number of counts. The total number of emitted photons
Npy, at each wavelength was estimated by emission power and energy per photon:

E Nph/’lC
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which was then reduced by gating time of a few ns and gray filters to individual
photon counts, or by the filter transmission function for the USS-600.

The real transmissions of optical components differ somewhat from the manufac-
turers specifications and the final transmission is substantially lower than expected.
Table 5.2 lists the theoretical values given by manufacturer and measured values of
all components, including the laser, as they are passed by the laser light and scat-
tered light along the beam path. Only the Brewster window transmissions were not
measured, but the absence of reflected light at the correct polarization hints towards
negligible losses. The vacuum windows at PSI-2 are coated over time by a metal-
lic film, especially for experiments with high sputtering yields. Mechanical shutters
prevent most depositions, however during the TS measurements the windows are
unprotected. A newly developed shutter design is presented in the outlook in Sect. 9.1.
After overhauling the laser and replacing all dielectric mirrors to nearly achieve the
corresponding theoretical values some deficits of the scattered light collection system

Table 5.2 Efficiency comparison for laser path and collection optics

Component Specification Measured
Innolas spitlight 2000 1200mJ 1100 mJ
Dielectric mirrors: 3x/3x (0.998)3 x (0.98)* = 0.9356 | (0.97)¢ = 0.833
s/p-polarized

Focusing mirror 0.9 0.70 — 0.8
Vacuum window 0.92 0.50 — 0.92
Lens ~0.9 0.8

30m fiber coupling and 0.89 0.6
transmission

3 holographic gratings and 6 | (0.75 x 0.98%)3 = 0.37 0.45)3 — (0.5)3 =
lenses 0.091 —0.125
Quantum efficiency iCCD 50 50




5.2 Triple Grating Spectrometer 49

remained. The transmission of each grating-lens arrangement was tested separately,
hence a “broken” grating could be excluded and a lower than stated transmission in
all three components had to be accepted. In total, the (ideal) transmission overall is
1.1% (11.6%), while the transmission of only the light from scattering volume to the
iCCD is about 2% (13.8%).

5.2.3 Timing

The timing scheme to synchronize Pi-Max 4 spectrometer and V711 fast camera
is shown in Fig.5.4. The reference time base in the first row is determined by the
laser using trigger signals of flash-lamp and Pockels cell to trigger fast camera and
spectrometer, respectively. Usually, an external signal generator triggers laser and
spectrometer for the Pockels cell trigger is too slow to trigger the spectrometer and
the flash-lamp trigger too inaccurate.

However, in the setup used at PSI-2 the laser light travels 30 m to the chamber and
the scattered light another 30m in fibers (optical path even longer), while the laser
and spectrometer are only a couple meters apart and the spectrometer camera has an
input delay of only 30ns. To trigger both cameras at twice the laser frequency, the
laser triggers are fed to a LeCroy crate stack with level shifters (Model 688AL) and
double pulse generators (Model 222), which copy and delay an additional pulse to
each camera by 50 ms.

The flash-lamp TTL pulse is rising about 215 s before the laser pulse and thus
perfectly suited to trigger the V711 camera well in advance of the laser pulse, indi-
cated by the dashed green line on the left in Fig. 5.4. In burst mode with the typically
used settings, the camera captures 100 frames with 2.5 s exposure time, while an
additional delay of 60ms shifts the captured frames in the fast camera time base to
surround the time of the laser pulse. The timing accuracy of the fast camera is stated
with up to 20 ns. Additional jitter caused by other timing components of more than
1.25 s would cause the laser being visible in (on average) multiple frames in the
commonly used exposure setting of 2.5 us. However, the laser containing frame was
always found to be stable, hence the overall time-resolution is set by the exposure
time of the fast camera.

While the Pockels cell initiates the laser pulse, the corresponding TTL pulse
triggers the Pi-Max 4 spectrometer camera after passing through the LeCroy modules
with an uncritical delay of roughly 20 ns. An input delay of 218 ns is used with a gate
(exposure time) of 12ns. The exact timing delay of the spectrometer camera versus
scattered laser light illumination was fine-tuned by a sequential shift of the delay over
20-30ns in steps of 1 ns, revealing the time of the highest signal intensity. Using the
minimal iCCD gating of 3 ns the average laser pulse shape was scanned and since
the laser dump is located 2m away from the scattering volume the stray-light from
the light dump would be visible as a secondary peak 12ns after the initial signal.

While the synchronization of both cameras to the laser pulse is crucial for the
data interpretation, the 50 ms delayed, second trigger pulse (indicated in red) enables
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Fig. 5.4 Timing scheme for synchronized TS (Pi-Max 4) and fast camera (V711) based on Innolas
laser reference trigger of flash-lamp and Pockels cell

simultaneous measurements of the plasma emission received by the Pi-Max 4 spec-
trometer camera. Thereby no additional plasma background measurement is needed
for background subtraction under the reasonable assumption, that no phase-locked
plasma emission fluctuations are present at 10 Hz. Although the timing scheme is
more complex by utilizing the laser as the reference time base, the necessity of
absolute synchronization of spectrometer and fast camera requires this effort, since
intermittent, not regularly and phase-stable occurring, plasma phenomena are the
measurement objective. Moreover, counting the TS signal individual to each laser
shot and fast camera observation is required and fundamental for employing the
photon counting method in Sect. 6.4.

Furthermore, the background plasma emissions received by the spectrometer
camera could be correlated to the fast camera signal by an additional 100 frames,
especially for brighter transient events, which would then require a variable plasma
background subtraction. However, the narrow spectral range of the spectrometer cam-
era signal and the overall low background emissions of the plasma did not necessitate
avariable plasma background evaluation thus far and was deactivated by the indicated
“Pi-Max 4”-switch.

The synchronized timing scheme is expandable by triggering the second fast
camera and variable with the position of the cameras as long as one fast camera and
the TS system observe comparable plasma dynamics. Therefore, additional spatial
information could be collected in an advanced setup, adding structural knowledge in
a particular direction. Furthermore, the V641 camera is spectroscopically valuable
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if, like for Argon, the neutral and ion transition lines fall into the spectral channels
of the color sensor.

5.2.4 Spatial Calibration

The resolution limits of the spectrometer are clearly defined by the set of optical fibers
collecting the scattered light, which are arranged as described along with Fig.5.3.
The fibers provide a spatial resolution of roughly 3 mm in their honeycomb arranged
entrance slit, but form a line of 1 mm width when back-illuminated through the
spectrometer by a red line-laser. To position the focus of the collection optics into
the scattering volume and determine the exact resolution a metal plate was mounted
on a sample holder and moved by the target manipulator (cf. Fig.4.1) into the TS
section. The plate surface is then bent and rotated parallel to the laser plane.

The fiber projections of the red laser light and the green Nd:YAG adjustment
diode laser coaxial to the Innolas main laser are visible as diffuse reflections on the
sand-blasted plate shown Fig.5.5. The larger portion of the image depicts the ideally
positioned plate such that the adjustment diode laser spreads grazing over the plate.
When correctly aligned and in focus, the red line-laser illuminating the fiber-bundle
forms a sharp line of dots across the whole plate parallel to the green reflections. The
magnified inlet in Fig. 5.5 shows additional marks each cm for counting the dots per
cm and thus inferring the spatial resolution.

Since the collection optics uses a commercial camera lens, the chromatic aber-
ration is negligible and using a red laser eases the calibration by the clear color
distinction. Calibrating the fast camera is done in a similar fashion for the simultane-
ous measurements, while shooting videos at different positions used the Langmuir
probe or the known dimensions of the manipulator head as scale reference.

Fig. 5.5 Resolution and calibration aid based on sand-blasted plate at the top of the target manip-
ulator (Fig.4.1). The inlet shows a magnified image with 1 cm spaced markings on the plate
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Chapter 6 ®)
Data Analysis and Calibration e

In this chapter data analysis and calibration procedure are described along with the
theoretical description of the laser scattering processes in Sect. 3.1 and experimental
setup from Chaps.4 and 5. The signal processing involves two synchronized diag-
nostic systems, which are used in special settings and analyzed by newly developed
algorithms. Photon counting with extremely short gating times on a 1 Megapixel
CCD has recently been demonstrated [1] and allows TS spectra to be time-resolved
in software posteriori. The signal processing, calibration and operation of the TS
system is described first and in more detail. Second, the fast camera data analysis is
presented briefly and the processing, including conditional averaging, completes the
method chapter.

6.1 Spectral Calibration and Resolution

The scattering of an electromagnetic wave off free electrons in a plasma is a suited
method to infer about plasma properties if their interaction is well characterized and
the incident electromagnetic wave is not altering the plasma state as estimated in
Sect.3.2. The plasma conditions at PSI-2 allow using the incoherent TS assumptions
(Eq. 3.6), hence the scattered Thomson spectra contain information on the electrons
only. For the used diagnostic setup the ion feature is indistinguishable from Rayleigh
scattering and the central electron spectrum and therefore lost for interpretation.
However, the absence of coherent effects creates a direct correspondence of the
electron velocity distribution to the measured spectra, folded by the instrumental
function.

The spectral calibration was performed with a Neon gas discharge lamp. The TS
light collecting lens was focused on the central part of the lamp and a few selected
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and strongest lines are compared to several corresponding line transitions from the
NIST database [2]. The logarithmic plot of the intensities at the smallest intermediate
slitwidth dgjiy = 100 pm is shown in the upper part of Fig. 6.1, where many lines are
visible and each line is curved along the radial axis on the CCD chip. The curvature
is caused by (higher order) image aberrations within the triple grating spectrometer
(TGS) and is corrected with a de-skewing routine based on finding the wavelength
shift relative to the central spectrum by cross-correlating the radial channels. Then,
the spectrum can be fitted against theoretical values of the wavelengths of the lines
using only the averaged spectrum in one dimension. Since the curvature is a known
effect of high etendue spectrometers, a curved entrance slit can be used to avoid this
aberration [3].

Figure 6.1 shows a comparison of Neon spectra in the lower picture at three slit
widths dg;, with the NIST values indicated at the line transition wavelengths. Upon
opening the intermediate slit the line width increases as the spectra from the outer
fiber rows are imaged on the CCD as well.

A linear dispersion fit of all marked Neon lines compared to the experimental peak
position is shown in Fig. 6.2, where the slope results in the wavelength conversion
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Fig. 6.1 Measured Neon spectrum at dgjjy =0.1 mm. The upper picture shows the raw image at
full resolution with logarithmic intensity scale. The lower picture compares spectra with different
dsiir and the theoretical NIST values
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Fig. 6.2 Linear fit to determine spectrometer dispersion

factor of 0.028 nm per pixel. This factor was already used in Fig. 6.1 and the discrep-
ancies between theoretical and measured lines are well below the uncertainty of the
instrumental function at dg;; = 0.1 mm. Thus, a linear fit is absolutely sufficient for
measurements at ds;;; = 1 mm, where individual lines are blurred and no fit can be
performed.

An estimate for the instrumental function is done by the width of the Neon line
at 540.056nm from Fig. 6.1, which is the overall strongest and not affected by lines
close by. Figure 6.3 shows the normalized and zoomed extract of this line intensity
on the left with line widths at half heights (FWHM) for the same three slit widths
of Fig. 6.1. Since the fiber rows are each shifted by 275 pum in the “entrance” slit
the positioning of the rows is the main contributor to the instrumental function of
the TGS. This spectral shift is illustrated in the right part of Fig. 6.3, where each row
of fibers corresponds to a substructure in the total perceived instrumental function
at a slit width of dgj;; = 1 mm. The additional broadening must be accounted for
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Fig. 6.3 Normalized intensity of brightest Neon line for three different slit widths and their spectral
half width estimates
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Fig. 6.4 Ratio of density and temperature between test and convoluted Gaussian spectra

and requires a numerical method for deconvolution for each value of dgy;, since the
instrumental function is not fitted by a single distribution.

The aberrations causing the curved line shape are also responsible for the small
shift of 0.06 nm in central wavelength, as the real slit is imaged skewed at the inter-
mediate slit, thus cutting off parts of the central fiber row at small dgj;;. This small
shift of the absolute wavelength has no influence on the measurements as it merely
adds an offset and only the spectral widths are of importance.

The spectral resolution of 1.17 nm at dsj;; = 1 mm causes a significant increase of
the measured line width at low temperatures. Therefore, a numerical convolution of
an ideal Gaussian distribution and the instrumental function was performed to derive
a formula for deconvoluting the measured TS spectra as follows.

For each data point in Fig. 6.4, a Gaussian distribution was folded with the instru-
mental function and then fitted again with a Gaussian distribution. To mimic the TGS,
the spectral part blocked by the commonly used, medium (2mm) notch filter was
removed before fitting. The alterations of area and spectral width are approximated
by a numeric equation, defining the detectable, minimal spectral width, i.e. the lowest
measurable temperature of 1eV (red line), which is sufficient for the plasma condi-
tions at PSI-2. Smaller values of dgj;; in combination with the 1 mm notch filter could
extend the minimal temperature. However, the dramatic loss of photons reduces this
option to special cases, in which additional constraints to the setup are applied.

Besides the reduction of the minimal temperature, details of the TS spectrum and
a higher spatial resolution are accessible if the intermediate slit is reduced below
dsiiy = 0.25 mm, allowing only transmission from the central row of fibers in the
entrance slit (cf. Fig. 6.4 right). By using the smallest (1 mm) notch filter, only half
of the central spectrum is blocked (compared to 2 mm) and some of the photon count
reduction is compensated. With a new deconvolution for the reduced instrumental
function in this proposed setting, TS spectra with 1 mm radial resolution could be
obtained, allow conclusions towards the shape of the EEDF and test for deviations
from a Maxwellian distribution.
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6.2 Absolute Calibration with Raman Scattering

The absolute calibration of an optical system with a specified light source was used
in Sect.5.2.2 to examine the sensitivity of the system. Raman scattering (RS) is
commonly used to calibrate the optical system and has advantages over a specified
light source, since the optical setup remains untouched and only the scattering volume
is filled with a different source of scattering particles. Furthermore, the RS spectrum
occupies a similar wavelength region compared to TS for the plasma parameters
used in this work and blocking the central part of the spectrum is also beneficial
for analyzing the RS spectrum. The only disadvantage is the lower scattering cross-
section (~10~°), which is overcome by using pressures in the range of 1-50 mbar and
thus a much higher particle density compared to the plasma density. Consequently,
RS has been performed in all experiments to calibrate the TS setup to enable absolute
plasma density measurements.

Possibly available calibration gases are H;, D, CO, or N,, with the first two
considered a safety hazard at pressures in the millibar range. Another consideration
is the contamination of the PSI-2 chamber and especially the plasma source, which
excludes CO,. Thus, N, is the gas of choice in this work and is commonly used for
calibrating other TS setups [4-6].

Since the scattering geometry and the acquisition settings are the same for RS and
TS, the scattered powers from Eqs.3.1 and 3.14, which would contain the system
efficiency 7 calculated in Sect.5.2.2, are divided by each other to achieve a laser
power, efficiency and solid angle independent measure for the plasma density:

do,
Ngs _ Ni Mot 1N, LDetd_gRZSAQ

- do
Nrts Ni Thotal Ne Lpet d_STzs AQ

dors do;_p
Nis G Mis Y9

ne =Ny, ———— = Ny
2 . do 2 2
RS Joo Ngs 1}

Nrs
ne =y, % Ceai (6.1)
RS

The gas density ny, is calculated by the ideal gas law p = nkgT. The pressure is
measured by a Baratron™ gauge in a range of 1-100 mbar, since the capacitive pres-
sure measurement is very precise and gas species independent. The temperature is
obtained by a thermocouple touching the vacuum vessel, assuming equal tempera-
tures of gas and surface. Both pressure and temperature accuracies are below 1%
and thus negligible compared to the error of the calibration factor Ccyji, containing
the cross-sections of RS and TS. Here, the major error arises from polarizability
anisotropy <y in Eq. 3.17, which accounts for an 8% error. The uncertainty estimates
for TS and RS photon numbers depend on the signal strength and measurement dura-
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Fig. 6.5 Spectral and radial sum of photons received over 1000 laser shots at 490 mJ. The model
equation for the RS is shown in red and the central gray area is blocked by the notch filter and thus
not used for the fit

tion, hence it is evaluated for each campaign. To minimize the RS error, variations
of pressure and power are performed with a model of the RS spectrum.

A comparison between model and measured RS spectrum can be seen in Fig. 6.5,
where on the left side the sum over all radial position is shown. The individual
transition lines of the RS spectrum are blurred together (cf. Fig. 3.5), but the shape of
the RS is well resembled by the model. The theoretical RS (gray line) is calculated
by using Eq.3.14 with the instrumental line shape from Fig.6.3. Since there are
no deviations from the spectral shape, there is only one factor necessary for the
height adjustment, rather than taking the photon number ratios at the individual
wavelengths. Instead, the total number of photons received in the scattering process
must be calculated by the ratio between area under receiving and blocked spectral
region.

On the right side of Fig. 6.5 the spectral sum is shown in native resolution (gray
dots) and eightfold binned (circles). The intensity distribution shows an almost flat
part and two different decays. At negative radii the decline is abrupt, which is mainly
caused by reaching the end of the imaged area on the CCD, thus the outer ~50 Pixel
are not used at top and bottom. However, at positive radii the signal intensity drops
steadily over several cm. As this shape appeared persistent at various configurations
always as the optimal setting for the collections optics (tilt, focus, xyz shift), the origin
could be the decreasing laser power density off focus, vignetting in the spectrometer
or coupling losses due to a larger tilt of the solid angle towards the edge of the
collecting fiber bundle. With these low signal levels, the edge of the useful region is
approximately at 6 cm in this setting, depending on the TS signal level. The calibration
factor Ccqp for absolute density measurements is obtained for each of the binned
channels, indicated by circles in Fig.6.5. In this example the radial resolution is
roughly 0.5 cm (15 cm/32 channels).

Variations of pressure and laser power are valuable for estimating the stray-light
level, since the real RS signal should depend linearly on these quantities and ideally
the signal level extrapolated to origin should be zero. Figure 6.6 shows a laser power
variation on the left and a more elaborate variation of laser power and pressure on
the right. For all measurements, the sum of all photons is normalized by the shot
number and only corrected for the simultaneous background, but not for stray-light.
Extending the linearly fitted relation in both pictures to the origin yields an offset
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Fig. 6.6 The scaling of the RS signal versus laser power (left) and Nitrogen gas pressure (right)
is shown as sum of total photons with three linear fits. Additionally, the converted signal level for
CCD integration (left) and an independent stray-light level measurement is indicated (both)

and hence stray-light is present. The linear fit of the laser power dependence in the
left graph has an offset of 10 photons per laser shot, which is much higher than
the residual background photons received without laser illumination of a maximum
0.05 photons per readout. Measurements of stray-light with and without gas-flow
and different times during a day show a strong variation, although they are all far
below the signal level with a maximum of 6.5 photons per readout.

Comparing the photon counting method with the CCD integration leads in both
cases to the typical spectral and radial shape of the RS. The conversion between
counts and photon number is done with the average counts per photons evaluated by
the pixel volume estimate (follows in Sect. 6.4), which is 333 counts per photon for
the three cases on the linear fit. This results in slightly lower photon counts, while
312 counts per photon would be necessary to exactly match the two points.

The right graph of Fig.6.6 shows RS measurements at various laser powers and
pressures with two laser power dependencies fitted to get the offset at the origin. The
stray-light at zero pressure was 8.3 and 12 photons per shot at laser powers of 255 and
468 mJ per shot, respectively, while the actual stray-light measured at p = 10~ mbar
was 6 photons per shot. The difference in the offsets at zero pressure in conjunction
with an offset at zero laser power points towards a non-linear dependence of the
stray-light on the laser power, since the laser independent background is negligible.

The beam quality for a high power laser is ideally independent of the power
level, but the internal laser amplification processes depend on power densities and
temperature profiles (thermal lensing). The beam quality is usually optimized for the
maximum power output [7], which could not be used in the current setup. Therefore,
the focusing of the laser beam could explain the difference in offset levels. However,
this can be avoided by using the same or closest laser powers during calibration.
Furthermore, the spectral shape of the stray-light has distinct features far away from
the RS and TS occupied spectral regions, thus the removal of the reproducible,
average stray-light level can be achieved.
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6.3 Thomson Scattering

The true Thomson scattering signal must be extracted from the measured signal,
which includes the unavoidable plasma background and laser stray-light. Raman
scattering is another source of unwanted signal in discharges with molecular gases
and neutral densities equal or higher than the plasma density. This is especially
important in atmospheric plasmas or combustion processes, while at PSI-2 low power
Deuterium discharges can be dominated by recombination and thus exert a higher
level of neutrals. However, the discharges used for turbulence investigations in this
work are highly powered with low neutral densities. The spectral intensity of raw
signals collected in two different discharges is shown in Fig.6.7, where the areas
under the curves represent the contributions of TS signal, laser stray-light and the
plasma background for Argon (left) and Deuterium (right). The Argon spectrum
is clearly affected mostly by stray-light with marginal plasma emissions, while the
opposite is visible for the Deuterium case. The summation of laser stray-light and
the plasma background signal plotted on top of each other shows that all signal in the
region beyond 543 nm is accounted by these two parts. While the plasma background
is measured simultaneously and can be subtracted directly, the laser stray-light must
be measured before, after and/or in-between plasma operation. Therefore, the total
amount of laser stray-light is initially determined by weighting duration and laser
power and then scaled to zero the remaining signal beyond 543 nm. Ideally, laser
stray-light is minimized to negligible levels, but during plasma operation various
drifts in the experimental setup can cause increased stray-light levels, which are then
accounted for by this scaling.

The two-dimensional Thomson spectrum after subtracting plasma background
and laser stray-light is shown in Fig.6.8 on the left, while two example spectra
are shown on the right. The initial iCCD resolution was reduced to 64 by 64 pixels
corresponding to a spatial resolution of 2.3 mm and a spectral resolution of 0.455 nm.
With the matching two-dimensional Raman spectrum, the pixel lines of each spectra
are paired up and the density is then determined via Eq. 6.1. Temperature and density
are already adjusted by the deconvolution.
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Fig. 6.7 Area under curves shows the radial sum of raw intensities of Thomson signal, laser stray-
light and plasma background for Argon and Deuterium discharges, respectively
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Fig. 6.8 Two-dimensional TS spectrum (left) and example fits and results at two radial positions
(right) at a radial resolution of 2.3 mm

The error estimate for the temperature is based on the 95% confidence intervals
in a least-squares Gaussian fitting routine with the least-absolute-residuals option
(increasing robustness of fit) enabled in MATLAB™. Since for high photon num-
bers the Poisson distribution used for photon (shot) noise estimates approaches the
Gaussian distribution, the standard deviation o is used for the weighting of the spec-
trum. To estimate the density error, a combination of fitting error and o for Raman
and Thomson spectra is used. The width of the excluded area in the center is deter-
mined by the deviation between RS model and measurement, since the signal levels
are higher and less stray-light and no plasma background are present.

6.4 Photon Counting

The integrated signal of an image or spectrum is usually comprised of a number of
photons each increasing the count rate on the CCD chip. Besides the regular photons
arriving from a intended source, additional photo-electrons are generated over time
via electron-hole creation from thermal fluctuations in the intensifier or on the CCD
itself, which is called dark charge. Sources of noise are arising from the dark charge
but also from the signal amplification in the intensifier and the readout process of the
CCD.

For time-averaged spectroscopic measurements, the integration time is chosen
long enough to fill the charge capacity of the CCD and using the full dynamic range
(e.g. 12/16 bit) of the digitizer, thus avoiding photon noise from Poisson statistics.
Although the CCD sensor is generally cooled to e.g. —25°C by Peltier elements,
reducing the dark charge accumulation considerably, integration times of several
minutes up to one hour make a dark charge reference measurement necessary. Since
the dark charge generation depends on random fluctuations but also on physical prop-
erties of each CCD pixel, the mean pattern can be subtracted and only the magnitudes
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lower photon noise of the dark current itself remains. The digitization (reading) of
the charge content of the CCD creates additional noise (thus read-noise) depending
on the digitizer frequency but independent of the amount of charge. Therefore, slow
digitization of a well filled CCD is preferably used to minimize photon noise, while
the high number of collected photons also averages the variance of the individual
photon amplification in the intensifier.

As the requirement of this TS setup is observing time-resolved events, the signal
collection and reading has to be configured inherently different. As described in
Sect.5.2.3, the signal acquisition must follow twice the laser repetition rate and the TS
signal is generated within the 10 ns laser pulse. While there is virtually no dark charge
accumulated during this short integration time, the signal from individual photons
must be discriminated regarding the amplification distribution in the intensifier and
the noise during the digitization. The latter is greatly enhanced compared to time-
averaged measurements, since the digitizers are used at or near the fastest settings
(cf. read-noise in Table 5.1).

Since the integration method is capturing all photons by design and is commonly
applied with TS, some initial measurements were done in order to compare the
signal level with the photon counting method, since the algorithm needs to employed
properly to not over or underestimate photon numbers, especially when the photon
flux is high enough to encounter multiple photons captured in one or adjacent pixels
(e.g. two-photon events).

The reference measurements for laser stray-light and plasma background must
use the same configuration as the TS signal acquisition. Accumulating the photon
numbers from individual shots and plasma emissions over several thousand readouts
results in the same spectrum if the photon counting algorithm is employed correctly.
Therefore,a detailed description of the algorithm implementation follows.

With typical laser durations of 10ns the collection of dark current is negligible
and only a fraction of the CCD sensor is illuminated - with individual photons. The
amount of signal generated by a single photon depends on whether it created a photo
electron at the photo cathode of the sensor (Q.E. = 50%) and then the voltage by
which this photo electron is accelerated along the dynodes in the photomultiplier
stage. Furthermore, the digitizer converts the acquired charge in the CCD depending
on readout frequency and gain settings. To verify the values given by the manufacturer
a photon flux of only a few photons per readout, distributed over the whole chip was
recorded. The read-noise was recorded separately with the intensifier switched off.
The comparison between these different settings is shown in Fig. 6.9, where the close
distribution around zero represents the read-noise and the long tails on the right side
are signal-related. The slowest readout at the 0.5kHz digitizer setting takes about
2.2 s for a full resolution picture. Thus, even with a switched off intensifier, there is
a considerable chance of detecting cosmic rays(CR) during this readout time. The
counts produced by CR are much higher compared to regular photons and generate
charge in several pixels in a row, thus their distribution has to be separated.

Taking a subset of 37 out of 100 frames without large CR events, the minimal read-
noise distribution is drawn with a solid black line in Fig. 6.9, while the gray crosses are
the full 100 read-outs. Recording individual photons from alow light source (Ulbricht
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Fig. 6.9 Distribution of read-noise at two digitizer clock speeds and signal levels. The inlet zooms
at the threshold, where signal and cosmic rays become significant relative to the read-noise level

sphere USS-600 without lens) results in the dotted gray curve being about a factor
10 larger than the CR. The transition between read-noise and signal is found at 25
and 30 counts for signal-to-read-noise and CR-to-read-noise, respectively. Another
transition for a digitizer rate of I0MHz (2 x 5MHz) is shown in the main picture
and zoomed inlet between black crosses and black dots. The faster readout speed
increases the noise in the digitizer and electronic amplification circuits and hence
causes a broader read-noise distribution, which is consistent with the values given by
the manufacturer. The transition count rate for signal-to(-read)-noise discrimination
moves to 35 counts.

Although the same integration time was used for the slow and fast readout case,
the CR level is practically non-existent after 50 counts. This means that CR events are
mainly captured because of and actually during the long readout time. Furthermore,
the slope of the PDF differs for the two readout speeds, pointing towards a different
measure of counts per photons, which is already indicated by Table4.1.

The threshold for the photon detection method in this work is set to 50 counts,
which gives a two magnitude margin between read-noise/CR and the actual signal.
However, that does not mean every pixel with a count higher than 50 is a single
photon. Every intensified photon (i.e. many photons) creates a spatial distribution
spreading over several pixels, which is caused by a lower resolution of the intensifier
phosphor screen compared to the CCD. Although cross-talk between pixels at these
low count rates are negligible, a leakage of amplified electrons in the intensifier
channels would result in a similar and thus indistinguishable spatial distribution.

To find the real total counts per photon, the one-dimensional MATLAB™ find-
peaks routine was applied horizontally (x) and vertically (y) for each pixel line with
an intensity threshold of 50 counts. Typically, the horizontal and vertical runs find
each several maxima in adjacent lines, while within a line only one clear peak is
caused by a photon. The pixel positions of the found peaks are marked and then
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Fig. 6.10 Spatial intensity distribution of single photon

overlayed to identify the central pixel of the photon. Then, the algorithm adds the
marked peak positions for the two directions logically (AND), hence only one posi-
tion will be left as the true center. The resulting spatial distribution of counts for a
slow readout is presented in Fig.6.10 on the left, where one quarter of the counts
(133) is in the central pixel and another large fraction (38 and 19% =~ 300 counts)
distributed equally in the adjacent pixels.

The total counts per photons are evaluated by two different methods. The first is
simply adding up all the surrounding pixels e.g. from the presented 5 by 5 matrix,
resulting in 536 counts per photon. With increasing photon numbers, the probability
of catching another close-by photon (within the 5 by 5 matrix) leads to double
counting and therefore an overestimation of the counts per photon. A second method
uses the so-called peak prominence p, /, and half-width w), ./, information in x
and y direction supplied by the findpeaks routine to calculate an effective pixel
volume V = w? p/2.5 withw = /w2 + w2 and p = (p,. + pp.y)/2. The factor
2.5 is to account for the shape of the pixel volume being between a pyramid and
two-dimensional Gaussian, since it is strongly limited by the resolution. While the
prominence is simply the peak count value, using the “half-widths”-option in the
findpeaks routine increases the accuracy when two photons are separated by one or
two pixels by only taking counts from one side to calculate the half-width. The total
counts per photon for this second method results in 384 counts per photon.

The right side of Fig.6.10 compares the distribution of both counting methods
and also displays the central pixel value only. The latter underestimates the counts
per photon drastically, while the two other methods agree quite well. The difference
in the average counts per photon estimate can be explained by the inherent over- and
underestimation of the two counting methods, with the average being 460 counts
per photon. This compares excellent with the system amplification given by the
manufacturer listing a value of 454.5 counts per photon at maximum gain and slow
readout setting. When the counts of a photon surpass 1000, it is assumed that two

photons were collected too close to be separated by the algorithm and thus accounted
as a two-photon event.
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Timing and Binning

Even though CCD sensor readout speeds have become faster, they still are far from
CMOS sensors (cf. Table 4.1). Shifting and reading out charges on a CCD chip limits
the frame-rates, but provides high quantum efficiency and linearity. The frequency to
be matched by the PiMax camera is 10 Hz for the laser and another frame in-between
to simultaneously measure the plasma background. The binning of pixels in hardware
and the digitization rate define the readout time (seconds to milliseconds) and thus
the frame-rate, as the exposure time (ns) is negligible in comparison. Omitting pixels
at the edge of the CCD could be used if certain settings are close to the necessary
frame-rate, but since roughly 90% of the CCD is needed, the frame-rate benefits are
modest.

To achieve a readout frequency of at least 20 Hz the maximum digitization rate
(2 x 5MHz) had to be used in combination with hardware pixel binning. Ideally,
a 2 by 2 pixel binning would be fast enough and not loose information, since each
photon occupies more than one pixel anyways. However, binning pixels on the CCD
exhibited drastic differences depending on the dimension in which the binning was
in effect, since the charge corresponding to each pixel is shifted consecutively down
and side-wards to the digitizers. Binning in spectral direction (in the configuration
used here) dramatically increased the width of the read-noise distribution far beyond
useful at 10 MHz digitization rate. This might be caused by a hardware flaw or due
to a line-shift during the charge shift in CCD register, according to the manufacturer.
Therefore, the minimal hardware binning allowing a complete CCD readout in less
than 50ms is 1 by 4, which hardly affects the radial resolution (cf. Table5.2). The
usage of a slower digitization rate (2 x 1 MHz) with 4 by 8 binning also achieves a
50 ms readout. Although the read-noise level is still acceptable, the reduced resolution
increases the chance of double photon events by a factor of 64 and possible triple
photon events are recorded, which are hard to differentiate. Therefore, the 1 by 4
binning was chosen for all experiments and used with 2 x 5 MHz digitization rate.

The comparison between signal acquisition with integration and photon counting
was first tested with full resolution and homogeneous illumination to verify the
manufacturer settings. Then, spectra of plasma discharges and the Neon calibration
lamp were tested at different settings. Finally, the real application test was performed
on RS spectra (cf. Fig. 6.6) at the standard timing and binning settings as described
above. The fast readout reduces the system amplification from 454 down to 317 counts
per photon, hence the determined values of roughly 330 counts per photon provide
sufficient agreement to conclude the successful operation of the photon counting
algorithm. This algorithm and matching the frequency of the laser provides the basis
of time-resolved TS for this work, but the equivalence of the signal acquisition
would allow other spectroscopic measurements to use this setup to synchronize their
spectra to dynamic changes in plasmas or elsewhere. However, besides the timing
and readout limitations, the amount of collected data vastly increases or requires an
immediate processing.
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6.5 Signal Processing

Fluctuating plasma quantities contain important information in the spectral domain
and depending on the physical process responsible for the fluctuations, different tech-
niques may be applied to extract and identify them [8]. Regular harmonic oscillations
are the starting point for many linearized equations describing plasma dynamics. Thus
the Fourier transformation is a basic method to access the frequency domain of the
collected data signals to identify dominant oscillations and the general power spec-
trum. Furthermore, data samples from different positions can be compared in time
and frequency domain with techniques explained briefly in the following. Excluded
for these techniques are short transients, which are not resembled in the spectral
domain, while the underlying plasma processes leading to intermittent transients can
start out as fast growing harmonic oscillations.

Fourier Transform

The concept of the Fourier transform (FT) is named after Joseph Fourier, who devel-
oped this method in the early 1800’s in the study on heat conduction. Generally, FT
serves as a bridge between the time domain and the frequency domain and led to
the development of transforms in other domains. Various methods based on FT give
powerful tools to characterize fluctuating signals. There are three types of domain
signals, non-periodic, periodic and discrete. The continuous FT is used to decompose
an algebraic waveform into an infinite sum of harmonic oscillations. The opposite
calculation from the frequencies domain to the time domain is called inverse Fourier
transform. Together the pair of FT functions can be written as
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where X (f) and x(¢) are the waveforms in the frequency and time domain, respec-
tively. For digitized data a discrete version of the FT has to be employed, which
introduces certain constraints due to the sampling rate and finite intervals. In the
discrete FT, the integrals are replaced by a summation, resulting in the following
form

N—-1
1 o
Xm=ﬁ§y®fww,j=aszN—L (6.4)
k=0

where j and k are the frequency and time index index, respectively. The total number
of samples N poses the lower frequency limit, while the sampling rate f; sets the
limit for resolving high frequencies.
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Using Eq. 6.4 for the actual computation would require N2> complex calculations
and thus quickly exceed computation capabilities of regular computers. The numbers
of discrete FT computations can be drastically reduced by using the fast Fourier
transform (FFT) developed by James Cooley and John Tukey [9].

Auto and Cross-Correlation

Folding a function or discrete data sets with a reference function or data is called
cross-correlation and reveals how similar the signals are and if they contain a propa-
gating feature. Auto-correlation is the comparison a data set with itself and tests for
repeating patterns. The implementation for discrete data follows

+00

Rmy= > X(m)-Y(n—m), (6.5)

n=—0o0

where the two signals X (m) = x(t,,) and Y (m) = y(t,) are discrete data points
collected at times ¢, = mAt;, = m/f;. For auto-correlation, zero time delay will give
the maximum value and then decline, defining the correlation time of the signal(s).
In case of a propagating wave the cross-correlation will have a maximum at the time
the wave needs to travel between the two positions. With the velocity of a structure
or wave, the physical size of a coherent structure can be found by combining velocity
and auto-correlation time. The decay of the maximum cross-correlation value with
increasing distance can also be used, but needs to be corrected for different fluctuation
amplitudes.

Power Spectrum and Coherence

Performing a Fourier transformation on the correlation function is mathematically
equivalent to multiplying the individually Fourier transformed signals in the follow-
ing way

Pxy =R(f)=X"()-Y (), (6.6)

where Pyy is the complex valued cross-power spectrum of signals X and Y with
the asterisk denoting the complex conjugate of the Fourier transformation. For the
auto-power spectra Pxy (') and Pyy (') the complex conjugate cancels the phase infor-
mation and results in a real valued amplitude power spectrum, while a cross-power
spectrum contains the phase information A ®xy (f) in addition to the amplitudes.

Two oscillations can have the same frequency, but independent causes. When
Pxy (f) is calculated for different instances, the relative phase A @y will be randomly
distributed if the oscillations are unconnected. Thus, adding up different realizations
of the power spectra can be used as a measure of how connected (coherent) each
frequency components of the spectrum are, since only constant phase relations at
a particular frequency result in a non-zero value. Consequently, the coherence is
defined by
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where (...) denotes an average over k similar realizations:
1 Ak
(Par(N) = D IPky (Nl . (6.8)
k

The coherence uses the auto-power spectra as a normalization at each frequency and
ranges between 0 (incoherent) and 1 (coherent).

6.6 Conditional Average

The final ingredient for turbulence analysis is a technique called conditional averag-
ing (CA), which was used successfully with Langmuir probes [10-15], reflectometry
[16] and fast imaging [17, 18]. In contrast to the analysis of harmonic oscillations,
singular, strong excursions of fluctuating plasma parameters are better or only charac-
terized by their specific spatiotemporal shape, while spectral features are, especially
in broadband turbulence, indistinguishable from the background fluctuations.

Retrieving a subset of data from the whole time series based on a certain condition
is particularly useful for dynamics or events, which appear randomly or intermittent,
but have a distinct feature easy to be selected by. These events are then averaged
disregarding their timing within a time series and common or average properties
properly investigated [19]. The selection conditions are somewhat arbitrary and dif-
fer within the literature. Mostly, the selection criteria are based on exceeding the
background level or 2-3 times the standard deviation o of a fluctuating parameter.

In the edge and SOL turbulence such an example are intermittent filaments, which
show a distinct positive peak in the signal with a sharp increase and slow decay. CA
extended to more dimensions in space or different accompanying signals revealed
e.g. the potential structure within the filaments. However, CA would also reveal
if there is an underlying periodic oscillation for a certain condition to be reached,
which by its limited temporal coherence creates a blueprint wavelet, i.e a character-
istic spatiotemporal structure. Especially with more-dimensional and synchronized
measurements the plasma state can be observed in detail and a sufficient number of
events give access to the generation processes, since other fluctuations even out. For
example two interacting wave structures, which become unstable only if they are in a
certain phase-relation and thereby reach a set condition, will be made visible by CA
for the case of the needed phase-relation. In this way complex dynamics are reduced
and easier accessible by a physical description.

In the framework of this work the conditions were chosen from different fast cam-
era measurement and the Thomson scattering setup. The brightness of the plasma is
imaged by the fast camera at high temporal and spatial resolution independently of
Thomson scattering in various configurations to get a more complete picture of the
dynamics (possibly 3D). Conditional averaging in an pseudo-randomly fluctuating
plasma disentangles the stable from the unstable, intermittency causing, “spectral”
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components. The skewness created by this intermittency (patterns/waveforms) and
the possible representation of brightness to plasma parameters (temperature and den-
sity) make conditional averaging in this setup a necessary testing tool to compare fast
camera brightness dynamics to Thomson scattering accessible plasma temperature,
density and velocity profile. Parameter profiles from subsets of individual TS shots
(spectra) are sorted for analysis, corresponding to averaged brightness dynamics,
which are extracted by reaching amplitudes expressed in o. The generation of the
filaments and their impact on (enhancing) erosion are the two main important aspects
connected to specific shape fluctuations statistics.

Besides the intermittent events also regular oscillations can be triggered by their
amplitude maximum. This can be necessary for a correct phase selection, if the coher-
ence time of an oscillation is short against the probing frequency. The conditional
averaged dynamics then represent the typical oscillation over the correlation time.
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Chapter 7 ®)
Steady State Plasma Results oo

In this chapter the results obtained with the Thomson scattering diagnostic setup are
presented and compared to the Langmuir probe results. After examining the general
stability of the signal acquisition and discussing options to account for drifts in the
setup, the equilibrium profiles of plasma parameters obtained by Thomson scattering
are shown. Four different working gases with several discharge parameters each were
measured and presented along Langmuir probe results as the standard diagnostic.

7.1 System Stability

Calibration of and measurements with a Thomson scattering diagnostic require sta-
ble conditions for the beam path and collection optics over the course of several
hours. Apparent changes of measured quantities occur either as a result of drifts
in the diagnostic itself or stem from alterations of the plasma. Differentiating and
accounting for these changes extends the integration time and thus the accuracy of
the measurements, while drifting plasma conditions are of general interest for the
operation of PSI-2. Before such plasma discharge changes can be evaluated it is
essential to ensure the stability for key aspects of the diagnostic setup, hence the
options to correct for low variations are presented first. For this purpose, the pho-
ton counting method provides invaluable information during a set of measurements,
since a variable number of laser shots can be combined and analyzed. This further
helps dissecting the contributions between possible changes of the diagnostic setup
from plasma conditions.

The first element of signal stability is represented by the variation of the laser pulse
energy from the laser itself towards the scattering volume. To exclude influences of
laser output energy, beam path and its transmission losses (cf. Sect.5.2.2), the pulse
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energy of several hundred laser shots is measured by a power meter at the position of
the (removed) beam dump. The measured laser power is scanned in three to four steps
from low (~200 mJ/pulse) to high (~600 mJ/pulse) power, with each step settling at
a standard deviation of the energy measurements of 2% down to 1%, respectively.
These scans are performed the first time after positioning and calibrating the beam
path and then at least a second time at the end of the measurement campaign. The
laser pulse energy at the highest power is hence known with an accuracy of 1%,
while differences between first and last energy measurements are assumed to arise
gradually over time if no indications of an abrupt change are apparent.

Therefore, surveillance cameras monitor the laser beam position on the mirrors
constantly and help document drifts during the day by comparing images similar
to Fig.5.1. As long as the beam path drifts within the boundaries of all mirrors
and baffles, no changes in pulse energy are expected, while mirror surfaces can
slowly degrade over time and subsequently reduce their reflectivity. However, these
degradation takes place over much longer time scales than one experimental day.

The next element of the diagnostic stability includes the signal acquisition from
the scattering volume to the spectrometer. Besides the sensitivity to a given amount
of scattered photons, defined by the calibration, the stray-light levels and the col-
lection optics must be characterized. As mentioned in Sect. 6.2, Raman scattering is
performed on Nitrogen with the plasma source at room temperature and thus ideally
right before the plasma operation of PSI-2 is started. Variations of laser power and
pressure gives additional information about stray-light levels as explained before
(Fig. 6.6). Usually, before the plasma operation only a power scan is performed for
time reasons, but after plasma operation laser power and Nitrogen pressure are varied.
Similarly, the stray-light level is determined for different laser powers after or before
Nitrogen is present in the vacuum chamber, but also in between plasma operation
with and without the working gas.

Since the Nitrogen gas density and laser power are both measured with high accu-
racy (<1%), the further stability of the diagnostic system is defined by the laser beam
positioning within the scattering volume. The RS signal level corrected for varia-
tions in stray-light, laser power and gas density resembles the sensitivity and thus the
absolute density calibration, according to Eq. 6.1. Therefore, a changing sensitivity
is primarily connected to the optical collection path including the vacuum window
transmission. Vibrations of the plasma chamber and temperature variations induce
slow drifts in the optical alignment, while the unprotected vacuum window between
plasma and collection optics is prone to metallic deposits, slowly lowering the trans-
mission over time. Unlike for the laser power measurements, small displacements of
the beam path, which are visible with the surveillance cameras, reduce the sensitiv-
ity significantly (up to 60%) in most measurements. Due to the imaged area with a
width of roughly 1 mm and a laser focus of ideally the same dimensions, small shifts
could even cause a loss of signal, but the actually achieved laser focus of roughly
2mm (cf. Sect.5.1 and Fig. 5.2) allowed for more clearance. However, with properly
accounting for the gradual changes in sensitivity the uncertainty of the calibration
is not necessarily the full extent of the signal loss. An important consideration are
changes in the sensitivity profile, represented by the RS spectrum. Figure7.1 com-
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Fig.7.1 Normalized spatial and spectral average Raman scattering signal for measurements before
and after plasma operation with relative change for the spatial average

pares the normalized spatial (left) and spectral (right) RS signals before and after the
plasma operation to evaluate the extent of relative profile changes. By cooling the
chamber and thus the Nitrogen to 15°C the spectral shape is unchanged, while the
spatial distribution of the RS signal exhibits a stronger decay towards the negative
edge. This amounts to a relative change of up to 15% at the edge, which has to be
accounted for in the same way as the overall calibration factor is adapted. This will
be demonstrated by looking at the signal evolution of a whole campaign day, but first
the signal stability is detailed on the scale of minutes.

The necessary requirement for short term stability is given by the low variation
of laser power and negligible alignment drifts on short time scales (seconds to min-
utes). This last level of the stability analysis is based on the photon count rate for each
frame exposure as received by the spectrometer camera. An example of all essential
quantities is compiled in Fig.7.2, where the Raman scattering signal (a) is shown
on the left for two different laser pulse energies with the almost negligible chamber
background. Since the photon count scale is logarithmic, a zero count rate for back-
ground signals is included on an extra line. Figure 7.2b shows the laser background
without Nitrogen in the chamber and (c) the Thomson signal with the plasma back-
ground on the right. Besides the individual frames, marked as dots, time-averaged
(25s) values are indicated by squares. Figure 7.2d shows the signal distribution as
a PDF for each of measured quantities, except the chamber background. While the
plasma background follows a Poisson distribution, the TS and RS signal are well
approximated by a Gaussian function for which the standard deviation represents the
statistical error.

The raw TS signal and the plasma background are roughly constant in time, while
the laser background increases slightly. For time-averaged TS measurements, the
required integration is in the range of several minutes (depending on plasma density,
temperature, laser power, etc.), for which averaging is clearly valid. As described in
Sect. 6.3, the raw TS signal is comprised of TS signal, laser and plasma background,
which are separated by almost one order of magnitude, but also spectrally. As already
visible in Fig. 7.2b, the laser background is drifting, but the spectral separation allows
an estimate of the laser background evolution throughout the TS measurements.
Thus the laser background removal can be more accurate for the analysis of shorter
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samples and give an impression of the drift in between dedicated laser background
measurements.

The stability during longer measurements is now evaluated by returning to the time
scale of a full (measurement) day. Figure 7.3 shows an overview over all measured
and some derived quantities in the upper picture and the average electron temperature
and density in the discharge of each collection cycle (2000-7000 laser shots) in the
lower picture. The signal acquired over a cycle is summed up and normalized to the
used laser pulse energy and pressure (only for Raman scattering).

The comparison between signal levels and actual plasma parameters during the
day from the analysis in Fig.7.3 show a indeed a drastic change between Raman
signals before and after the operation of PSI-2, indicating a loss of two-thirds of
the signal. An estimate of the laser background evolution for each collection cycle
is marked by the laser factor, extending the use of the dedicated laser background
measurements. Langmuir probe measurements before and after TS, using identical
discharge parameters, give additional information about sensitivity changes. The
Raman scale factor estimates the evolution of the calibration factor during the five
Argon discharge settings used.

To attribute the signal loss during the course of the eight hours, the changes of
measured density within the same discharge parameters are combined and compared.
In the first plasma discharge setting with 250 A discharge current and 50 sccm gas
flow the Thomson signal level only decreased by about 20% although the average
density steadily declined by overall 30%, because the laser background increased as
well. Another drastic drop can be seen during the third discharge setting, where the
signal almost halfed, while the laser background stays constant. However, the plasma
background drops by 30% as well and while this is not straightforwardly translated
into decreasing plasma density, a change of the plasma condition must be considered
in addition to signal loss. This is contradicted by the Langmuir probe results, which



7.1 System Stability 75

Campaign Signal
Evolution 250A 350A  350A 400A 350A
40 ‘ 5(|Jsccm 50 sccm 30[sccm : 100§ccmaosccfn O Plasma BG
) OOO Thomson Signal
—_ O, 0O Laser BG
<) 30 - %Oo &cocoo o x Laser factor
E Raw () O Raman Signal
n 20 . 4 oooo O Raman Scale
c Signals cop g
o XX XX XX (=)
0 10 x xx o0
£ =] XXy
& o xxx XX q::tl
0 o pepyefm  mm 00O | omop- 0n |
I~ T T T T T Average
3 F KKKy Ko %X [xTS/ ¢ LP
- 6 0o 0o} o o Temperature
= Averaged & XX Average
* 4 Results 0%X%%xx 0 e o XX xTS/Q LP
& o o Density
QE ol 0] L 0O :Z:x ¢ « Average adjusted
1=} X"s&;ggg; XOOXK X, o TS Density
=
— XXX:
0 1 1 ! ! e 1 I 00 1 J
11 12 13 14 15 16 17 18
Time [h]

Fig. 7.3 Signal evolution over several plasma conditions with Argon. Normalized (explanation
in text) raw signal evolution of Raman and Thomson scattering, plasma background and stray-
light level are shown in the upper picture. Below, average plasma parameters derived from TS are
compared to Langmuir probe results

remain stable. When comparing the identical discharge parameters of third and fifth
setting, another 30% of decline is visible.

In addition, these three contributions explain the overall loss of the signal intensity
and are likely caused by a shift of the optical alignment caused by the plasma startup
and changing plasma conditions. Especially the third setting used a high thermal and
highest power coupling of 30kW to a low gas feed. Here, a decline of the overall
transmission would bring in line LP and TS signal observations. While the transmis-
sivity of the vacuum windows usually does not change this fast, the used discharge
settings (especially the third) generated Argon plasma with very high temperatures
and hence make higher rates of deposits conceivable. In turn, the conditions for the
second and fourth discharge setting are more stable and density calibration factor
can be extrapolated without a 60% uncertainty, but rather within the 8% error found
in Sect.6.2.

Since optical adjustment and absolute density calibration with Raman scattering
before and after plasma operation are a boundary condition operating PSI-2, the only
additional quantitative evaluation about the state of optical beam and collection path
during plasma operation is Rayleigh scattering. While this extra information would
have been useful on this particular day with frequently changing plasma conditions
and thus increased tendency to induce drifts in the optical paths, the Argon pressure,
reached with a gas flow of 100sccm, was 6 x 107> —2 x 1073 mbar. This rather
large range of pressures was measured by full range gauges at different chamber
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stages and is caused by the distribution of vacuum pumps and the large uncertainty
of the pressure gauges (~15%), while none of the more precise Baratron™ gauges is
suited for this pressure range. Furthermore, the temporary removal of the notch filter
in the spectrometer to collect the Rayleigh signal is an additional source of error and
requires generally higher signal levels as the unfiltered laser background is collected
as well.

7.2 Steady State Plasma Profiles

Thomson scattering measurements in low density plasmas requires the integration
of the scattered laser light over several hundred laser shots to ensure a sufficient
signal to noise ratio (SNR). The resulting plasma parameters are thus averages over
the measurement time, provided that parameter changes occur uncorrelated to the
probing laser frequency of 10 Hz. The required time for a given SNR depends pri-
marily on the density of the plasma for the correlation between density and signal,
but also on the temperature and plasma light since a broader spectral distribution
of the Thomson spectrum lowers the SNR at each wavelength for a given density.
This is especially important as the main objectives are rather hot deuterium plasmas,
which tend to have lower density compared to the noble gases.

The standard diagnostic on PSI-2 is the Langmuir probe installed vertically on
port F2.2 (cf. Fig. 4.1) with about 30 cm axial distance to the TS section. The probe is
operated in single and double probe configuration, thus the plasma conditions during
Thomson scattering experiments are also routinely measured by the Langmuir probe,
if available. A measurement and subsequent analysis are conveniently completed
within one minute and allow direct feedback, since the flux of particles towards
the target is needed to estimate the total fluence and hence duration of the plasma
exposure. The plasma parameters obtained by the probe are measured from the
edge to the center and assumed to be azimuthally symmetric. The routine for probe
data analysis assumes the charge state of the working gases to be unity, while ion
mass spectrometry results in Argon discharges indicate a fraction of up to 50%
doubly ionized Argon ions [1]. To cross-check the results of Thomson scattering
and Langmuir probe measurements, the latter are routinely performed before and/or
after Thomson measurements and included for most measurements in the following
figures. For better visibility only selected Langmuir probe profiles are shown each
with dashed lines or marks and same color as the TS measurement conditions, while
the error bars are generally in the same range as the TS measurements. The axial and
azimuthal positions of the profiles obtained by the probe are not coinciding, therefor
the profiles measured at the Langmuir probe position are 30 cm closer to the source
and at a roughly 10% higher axial magnetic field. This could lead to reduced cross-
field transport losses thus steeper profiles. The comparison between both diagnostics
is discussed after presenting profiles for all tested gases.
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7.2.1 Argon Discharges

Plasma discharges with the working gas Argon are widely used in many laboratory
plasma with various plasma sources for a number of reasons. As a noble gas, no
chemistry is introduced in plasma wall interaction studies while the low ionization
energy (compared to Helium and Neon) result in comparably high plasma densi-
ties and moderate electron temperatures. The first tests of the TS diagnostic were
conducted in Argon discharges with high current and high gas feed to achieve the
highest SNR to compensate for any initial shortcomings in the setup. Additionally,
the Argon plasma light emissions around the laser wavelength are almost negligible.

The first profiles of density, temperature, velocity and pressure presented in
Fig.7.4 are constructed by all the measurements in the second discharge setting
presented in Fig. 7.3, but with retaining the spatial information of the scattered light.
A total of 21000 laser shots with an average energy of 660 mJ are collected over the
course of 35min and since the photon counting method was used, another 21000
CCD images are acquiring the plasma background simultaneously. From the ini-
tial 1024 x 256 pixel resolution of the CCD the spectral binning is usually 16 to
retain 0.45 nm resolution, while the radial resolution is chosen variably depending
on the signal intensity. Two profiles are shown for the highest useful resolution of
2.3 mm slightly below the physical resolution (3 mm) and a fourfold lower resolution
to reduce error bars from the Gaussian fitting.

Electron temperature and density show their peak values at the projected radius of
the plasma source at &~ +2 — 3 cm. The density profile is slightly asymmetric with a
small dip in the central density, while the temperature profile has a more pronounced
hollow profile. This leads to a hollow pressure profile peaking at 2 and 1.5 Pa. The
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Fig. 7.4 Comparison of two different spatial resolutions for the 350 A 50 sccm Argon discharge
profiles of electron density, temperature, velocity and pressure
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central wavelength shift of the Thomson spectra are expressed as electron velocities
and show a large spread at high velocities in positive and negative direction for the
higher resolution profile and a velocity profile within £50kms~' for the reduced
resolution.

Averaging over two Thomson spectra with identical temperatures but different
velocity leads to a higher temperature prediction due to the missing central part of the
distribution, especially if the temperature is low. Although the spectral broadening
of the spectrometer is not expected to randomly shift the central wavelength, an
instrumental resolution of 1 nm corresponds to a shift of 210kms~!, which calls for
caution in interpreting the velocity profile.

The velocity components corresponding to the wavelength shift stem from the
radial and azimuthal movement of the electrons during the scattering process and
can not be differentiated in this setup. However, the azimuthal velocity is likely to
dominate the spectral shift, since the radial movement is restricted by the magnetic
field. The rotation frequencies under the assumption of a purely azimuthal velocity
reach up to 100kHz in the left pressure gradient region, but the frequency is only
stable over a small radial distance.

The mean electron velocity also corresponds to current densities of up to f:
qnev, = 1% at r =—3 cm. Although the exposure chamber of PSI-2 is considered
current-free (without target bias), responsible for the measured current could be local
compensation currents induced by drifts, ensuring the current continuity (j; + jj =
0) through the axial (;‘H) component, which is not recorded by TS.

A collection of density and temperature profiles for all discharge parameters corre-
sponding to Fig. 7.3 is shown in Fig. 7.5, with the corrected density profiles and only
two Langmuir probe profiles for better visibility. The gas-feed has a clear effect on
increasing the density, while decreasing the temperature. Depending on the param-
eters, an almost flat density and temperature profile (blue curve) is obtained, while
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Fig. 7.5 TS density and temperature profiles of all Argon discharge settings compared to two
Langmuir probe results
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low gas-feed with higher discharge current leads to a slightly hollow temperature
profile peaking at 7eV. While the Langmuir probe measurements share the trend,
both profiles of both discharges exhibit much stronger gradients inside and outside
the peak position, for which possible reasons are discussed later.

7.2.2 Neon and Helium Discharges

Plasma discharges with Neon and Helium are usually used in conjunction with Deu-
terium to mimic the plasma wall interactions in the SOL with a more realistic gas
mixture [2, 3]. Furthermore, their intermediate atomic masses between Argon and
Deuterium are convenient to investigate the mass dependence of plasma dynamics
or plasma surface interaction, e.g. sputtering thresholds. The increased ionization
energy (compared to Argon) and absence of molecular dynamics lead to higher
plasma (electron) temperatures and serve as an extension of the parameter space
comparing Thomson scattering results to Langmuir probes.

Profiles of electron density and temperature in Neon discharges are shown in
Fig. 7.6, where each of the two different discharge settings is compared to Langmuir
probe measurements. Similar to the Argon cases, the measurements agree quali-
tatively. The density drop towards the plasma center is less pronounced with both
diagnostics, while the hollow temperature profile in the Thomson profiles is broader.
The quantitative differences are strongest around the maximum gradient regions of
both profiles. The combination of high electron density and temperature lead to the
highest pressure of all investigated discharge with 5—7 Pa in the plasma center.

Similar results are observed for Helium discharges presented in Fig.7.7, where
two Helium discharges are compared with one Langmuir probe measurement. As
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Fig.7.6 TS density and temperature profiles of two different Neon discharges. Each is accompanied
with the corresponding Langmuir probe profiles
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Fig. 7.7 TS density and temperature profiles of Helium discharges on two different days compared
with Langmuir probe measurements

for the Neon cases, slightly more pronounced hollow profile shape of density and
temperature is measured at higher discharge current.

7.2.3 Deuterium Discharges

Most of the measurements for this work were performed in Deuterium at high input
powers and low gas feed. Naturally, Deuterium discharges are most suited to study
plasma dynamics and PWI in the fusion context, while Tritium as the other main
fuel component is tough to handle for its radioactivity. Compared to the previously
presented gas species, the low ion mass of Deuterium leads to a high sputtering
threshold on a tungsten surface and thus a strong temperature dependence in the
sputtering yield. Therefore, the accurate profiles of the plasma parameters are crucial,
especially for high performance plasma with fast dynamics.

An overview and comparison of several experimental days is shown in Fig. 7.8,
where density (left) and temperature (right) profiles of Thomson scattering measure-
ments are compared to Langmuir probe measurements. The latter are only shown
for two cases for better visibility. The density profile is slightly hollow and peaked
atr ~ #£2cm with a maximum density around 7 — 11 x 10'7 m~3. The variations
of the errors are caused by the measurement duration but also the conditions during
each experimental day. Only the black and red curve exhibit errors small enough to
verify the hollow profile with a slight asymmetry. Similarly, the temperature profile
shows an even stronger asymmetry, or even the absence of the smaller temperature
peak on the positive radii-side. The peak temperature ranges between 7 and 10eV
atr & +2.5 — 3cm. The usually assumed symmetry of the density and tempera-
ture profile is contradicted only slightly, but since both parameters are higher on
the negative side, the differences add up in the plasma pressure. The comparison
with Langmuir probe measurements shows again a similar range with a much more
pronounced gradient in the source region.
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Fig. 7.8 TS density and temperature profiles of Deuterium discharges on different days. On the
first day three different discharges are presented with shorter accumulation times (TS1). The cor-
responding Langmuir probe profiles are same-colored and only presented for two cases for better
visibility

7.2.4 Discussion

The measured equilibrium electron density and temperature profiles are found to be
in reasonable agreement with current and previous measurements by other plasma
diagnostics [4-8]. It was found that the general assumption of an azimuthal symmetry
in these profiles is not always given, and depends on the gas species and discharge
conditions. However, since mostly high performance discharges were tested and not
a complete survey, no general trends can be concluded.

The differences between the Langmuir probe measurements and TS are clearly
visible and never coinciding completely, while the general shape is mostly similar
with peaking temperature and density profiles at &~ £2 — 3 cm. Much higher gra-
dients of Langmuir temperature and density profiles lead to more pronounced and
mostly hollow profiles, while trends of increasing or decreasing temperature or den-
sities in changing discharge parameters of the same gas are matched. However, the
absolute figures differ by a variable factor of two above and below, hence statistical
errors do not sufficiently explain the differences. Furthermore, the deviations are not
consistent for different discharges neither in the temperature nor density profile. This
indicates a non-trivial or multiple reasons influencing either measurement method,
while simply a different prefactor in either theory will not align the measurements.
Furthermore, Langmuir measurements at the highest input powers (~30kW) were
complicated by I-V-curves, which could not be analyzed in or beyond the pressure
maximum, due to limitations in software or hardware, e.g. probe emission at high
power loads on the probe in the center of the discharge.

One of the most common issues is probably the anisotropy caused by the magnetic
field which make Langmuir probe measurements difficult to interpret quantitatively,
especially for absolute density determination since the effective collecting area is
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not well defined, while TS measurements are unaffected by the magnetic field as
long as the laser frequency is well above the electron cyclotron frequency and the
spectral broadening is determined by the instrumental profile of the spectrometer.
Another reason for discrepancies in Argon and Neon discharges with relatively high
power input is the presence of double charged ions [9], which lowers the effective
mass leading to density overestimation and introduces changes in the exponential
increasing part of the I-V-curve. Especially for Argon the fraction of double charged
ions was reported with up to up to 50% for discharges with high input power.

Generally, Langmuir probes were found to change the PSI-2 plasma globally when
measuring profiles with two probes at the same time. The probe acts as an additional
sink, reducing the density considerably, while temperatures remained unchanged [5].
Fast camera measurements confirmed changing plasma emissions and their oscilla-
tion frequency during the probe measurements. Therefore, part of the deviations
in the plasma profile could be induced by the probe itself. The perturbation would
then especially affect the regions the plasma must diffuse to, while the flux projected
directly from the source to the probe would be less influenced, leading to the observed
steeper gradients.

The investigated Deuterium discharges are specifically selected to exhibit strong
turbulence and thus fast dynamics in the plasma profiles. Both diagnostics perform
temporal averaging over time-scales longer than the gyration duration of both species
or other dynamic changes, while the measurement duration itself is 10ns for the
laser shot versus 20ms for acquiring an I-V-curve. Therefore, changes of plasma
parameters during this acquisition time lead to a flattening of the I-V-curve, especially
if the plasma potential changes, which do not necessarily correspond to the average
density or temperature of the fluctuation.

Lastly, the probe is situated about 30cm axially upstream (F2.1) and measures
only one side of the profile vertically, whereas the TS profiles are inclined 55° from
the vertical axis (F3.4). Theoretically, this may only account for part of the deviation,
since azimuthal and short axial variations of plasma parameters are expected to be
small [10], due to the fast axial transport. However, comparable measurements in the
source region in PSI-1 and with a segmented neutralizer plate at the dump position in
PSI-2 showed stronger variations of the profile shape [11, 12]. The influence of the
flux expansion just upstream of the Langmuir probe position and the slightly higher
axial magnetic field could explain part of the profile shape difference present in most
measurements. If the high input powers increase the radial transport in the target
chamber, these effects should be especially present in the investigated discharge
settings. The number of possible uncertainties for Langmuir probe measurements,
especially in the discharge settings used in this work, and the perturbation of the
plasma by the probe itself result in a demand for additional measurements under
these conditions, if used for sample exposures with a need of accurate knowledge of
the plasma parameters.

Although the radial resolution of the Langmuir probe is much higher then TS, its
3 mm spatial accuracy should still be able to resolve steeper profiles. For future mea-
surements, a reduced width of notch filter and intermediary slit in the spectrometer
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could yield additional spatial (1 mm) and spectral (0.2—-0.3nm) accuracy by using
only the central row of fibers (cf. Fig. 6.4 right) and thus only a third of the pho-
tons. However, using the smaller notch filter allows receiving more of the central
spectrum. The shape of the EEDF could then be analyzed in detail and deviations of
a Maxwellian distribution would be detectable. Moreover, the interpretation of the
electron velocity profile benefits from the increased spatial and spectral resolution.

The rough velocity profile estimates are comparable to previous findings at PSI-1
and PSI-2 in various gases, where mode structures with frequencies ranging from 10
to 100kHz were found [13, 14]. Therein, the ion velocity profile was measured spec-
troscopically and reached about 2kms~!. The diamagnetic drift velocity v* = j”;
based on the TS spectra result in similar figures, while for an overall rotation veloc-
ity the Langmuir probe derived plasma potential would be required. However, the
uncertainty of the azimuthal plasma symmetry and the discrepancies between both
diagnostics make this estimate unreliable and hence it is not presented. Neverthe-
less, investigating the plasma rotation is basically possible with the TS diagnostic,
especially with higher resolution settings. Further aspects of the plasma dynamics
are aided by the fast cameras in the next chapter, which help to put the high radial
velocities and corresponding frequencies into perspective.
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Chapter 8 ®)
Plasma Turbulence Results G

Linear plasma generators are used to study basic plasma phenomena or with plasma
as a tool to study plasma surface interactions in harsh environments, the harshest
plasma environment by far being the first wall in a fusion reactor. Basic plasma
dynamics entail studying plasma waves and instabilities and require the knowledge
of many plasma and machine parameters to feed models and enable predictions. On
the other hand, plasma as a tool should merely be of well known and adjustable
density and temperature to serve as model input for understanding plasma surface
interactions. But similar to the edge of a reactor, high plasma pressures in confined
spaces require plasma gradients, which in turn create turbulence. Hence, until the
control of turbulent transport is understood, controlled and suppressed, turbulence
must be considered when using plasma as a (precision) tool.

By analyzing the plasma with the described diagnostics, the nature of the insta-
bilities is sought after and compared to dynamics found in previous measurements at
PSI-2 and other, similar plasma devices and also to theoretical descriptions in general.
The plasma dynamics of the discharges is evaluated first with the fast framing cam-
eras and spectral analysis. The conditional averaging method is applied connecting
Thomson scattering and the fast camera to investigate transient plasma phenomena
and intermittent filaments. Finally, the effects of temperature fluctuation changes
induced by filaments on erosion are estimated with the statistical properties found
by conditionally averaged measurements.

8.1 Plasma Dynamics

The dynamic evolution of a plasma in space and time is governed by micro-
instabilities driven by the gradients of plasma density, temperature, flow and poten-
tial. Therefore, multipoint or profile measurements with sampling rates exceeding

© Springer Nature Switzerland AG 2019 85
M. Hubeny, The Dynamics of Electrons in Linear Plasma Devices

and Its Impact on Plasma Surface Interaction, Springer Theses,
https://doi.org/10.1007/978-3-030-12536-3_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12536-3_8&domain=pdf
https://doi.org/10.1007/978-3-030-12536-3_8

86 8 Plasma Turbulence Results

the dynamic changes of the plasma parameters are required for classifying the insta-
bilities. Two fast cameras provide versatile access to visible light emission profiles at
different spatial positions. In conjunction with the Langmuir probe, the first aim is to
analyze the dynamics in the PSI-2 plasma and investigate, whether the plasma edge
shows turbulence features similar to the edge of other magnetized plasma devices.
For a number of linear devices turbulence with plasma ejections have been reported
[1-3] with time scales in the us range.

A thin line of plasma with a few millimeters width is imaged (cf. Sect. 4.3) with the
fast cameras, since the reading speed is optimized for one direction. The maximum
frame rate of 1.4 MHz is achieved at the smallest resolution of 128 x 8 pixels, but
the photon flux is rarely sufficient to create enough signal for a significant analysis.
A compromise of lower frame rates and using 16 or 24 pixels generates usually
enough signal intensity, with the standard deviation along these pixels as a measure of
statistical error, since the brightness is assumed to be constant over a few millimeters
in axial direction. Therefore, the collected frames are always axially averaged before
processing and only brightness profile evolutions are presented in the following.

Examples of brightness profiles for discharges with all gases of the previous
section are shown in Fig. 8.1 for a detailed time frame of 100 s and a compressed
frame with 300 us. The right column depicts the average brightness profile above the
(light) blue shaded area indicating a fluctuation level of (2x) the standard deviation
o. The discharges gases are again ordered with decreasing atomic mass downwards.
Fourier spectra will be shown (cf. Fig. 8.3) after a general description of the dynamics
and after testing the validity of performing a Fourier analysis on projected profile
evolutions.

The slowest brightness changes are found in the first two Argon discharges
(Fig.8.1a, b), where multiple, seemingly rotating structures are clearly visible at
roughly the same frequency, called modes. The two dashed, sinusoidal lines trace
particularly bright rotating modes, illustrating the onset and end of these modes. Be-
sides the traced modes, there are a number of additional modes in the background,
faintly visible if they appear isolated or as increased brightness when two or more
modes cross in line-of-sight. As none of the other modes have a stable phase rela-
tion to the traced ones, these are considered m = 1 modes, where m denotes the
azimuthal mode number. The turning points of the modes mark and constitute the
outer limit of the brightness profile, while the lifetime of the modes is in the order
of the oscillation period. Moreover, for both Argon discharges and depicted time
scales the incoherence of the prevailing modes is apparent during the short times of
strongly reduced mode activity. This complicates the identification of higher mode
numbers, especially since the there is no fixed phase relation between multi-modes
structures.

In the presented Neon discharge the high photon emissions allowed recording at
almost the maximum frame rate of the fast camera, while the rotating modes have
drastically increased in frequency and are thus only barely resolved. The structure
radii have also widened from 3 cmto =+ 5cm. This results in a different radial
range in Fig. 8.1c—e, focusing on the region with dynamic changes. Considering the
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Fig. 8.1 Brightness profile evolutions for all tested gases on two time scales, showing faster dy-
namics with decreasing ion mass from a Argon to e Deuterium. The mean brightness is compared
to the fluctuation strength on the right. The different radial extent is restricted by the frame size or
the visible plasma column

number of crossing modes and occasional symmetric changes, higher mode numbers
seem to be present.

The total brightness for Helium and Deuterium discharges is insufficient to allow
recording at higher frame rates, which could resolve the fast dynamics in the bulk
of the plasma in detail. Although the average profile and fast dynamic radii shrink
slightly compared to the Neon case, larger structures are transported towards the
far edge (r > 8cm). While in Helium these structures are rather protruding up to a
radius of 10 cm, in Deuterium they begin to disconnect from the bulk dynamics at
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a radius of about +£4cm to £5cm. At the same radius, the mean brightness signal
marks a slower decay, especially in Deuterium. In case this brightness corresponds
to similar plasma parameters as the central region, the fast oscillation in the bulk
plasma cause transport events reaching up to a radius of 10cm.

Although integrating over a wide wavelength range (cf. Fig.4.4) every gas type
features distinct, rotating structures, with increasing velocity as the atomic mass of
the ions decrease. The dynamics change also with variations of input power within
the same gas type (cf. Fig. 8.22), while the here (Fig. 8.1) presented discharges were
all high powered (20-30kW). Similar to the density and temperature profiles, the
brightness profiles are slightly hollow and some show an asymmetry in their maxima
and decay length at the edge. Albeit an average hollow brightness profile could
follow from the steady state hollow pressure profile, a rotating local emission source
paired with a high level of fluctuation leads to another explanation: the projection of
a rotating structure causes higher brightness at the turning point due to the slower
projected angular velocity. Since the fluctuation amplitude and mean brightness are
in the same order of magnitude for Argon, the mean profile is mostly produced by the
rotating structures. Consequentially, they are visible at all times of their trajectory.
The relative (to the mean) fluctuation amplitude decreases with the atomic mass,
which could either be caused by smaller parameter fluctuations or a background
consisting of unresolved fast fluctuations.

8.1.1 Fourier and Mode Analysis

Magnetized plasmas exhibit a plethora of wave phenomena with spatiotemporal
domains spanning several magnitudes and thus there are virtually always oscillations
present in a given plasma environment. Dominating growth rates within a given
wave spectrum channel free energy to particularly excited wave modes, while still
allowing complex fluctuation patterns, e.g. the predator-prey-model [4]. The adoption
of this theoretical description to a plasma leads to at least two dominant plasma
modes growing and decaying in amplitude, alternating between two unstable states.
Different azimuthal mode structures are already visible in Fig. 8.1, while the structure
and relation between the modes, life time and other statistical properties help to
understand their generation. Since limited access to plasma parameters can obscure
the recorded dynamics the mode structure is analyzed with regard to the limits of the
diagnostics.

The verification, whether the projection of an oscillating mode structure intro-
duces distortions, was performed for a number of structures of which two are shown
as examples in Fig. 8.2. The background of the test profile consists of an angular sym-
metric and Gaussian profile peaking at 1.75 cm, thus creating a hollow profile, and
the same profile with a sinusoidal angle dependence, which is rotated on a grid with
150 x 150 spatial points and 1 s time resolution. The most important effects of the
projection to consider are the (1/r2)-power dependence of each light source, where
r is the distance of each grid point source to the camera, and the circle-of-confusion,
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Fig. 8.2 Synthetic test of FFT for two rotating sample structures

which distributes light outside the focal plane (depth-of-field) over several pixels in
the fast camera.

With these two effects the rotating m = 1 maximum in the projection is sharply
imaged and thus appears brighter at the edges, while connections in-between are
slightly smeared out for being out of focus. The Fourier transformation in the focal
plane is compared to the projected profile evolution and shows no distortions. The
right example in Fig. 8.2 shows an m = 3 mode structure at the same rotation fre-
quency, with the brightness maxima being at the times when two maxima overlap.
Here, only the threefold frequency appears in the Fourier analysis of the projection.
Further tests with slow and fast structures, frequency sweeps (broader frequency
peak) and randomly seeded wave trains were conducted to test the response of the
FFT to these projections. Modes with different structures and frequencies can be sep-
arated and are well recognizable in the frequency space. Therefore, the main features
of oscillations are assumed to stay intact and can be distinguished by fast camera
measurements from a side projection.

Simulating the partial re-absorption of emissions along longer optical paths was
abandoned since the effect is assumed to be small but needs proper three dimensional
modeling of the light path through the plasma structures towards the collection optics.

Real examples of normalized power spectra are now compared in Fig.8.3 for
Argon, Neon and Deuterium adjusted in radius and with individual frequency scales
each to accommodate the important features. The velocity increase with ion mass is
partially visible only, since the overlap of multiple slow modes in Argon causes the
appearance of harmonics, while the fast oscillations in Neon seem to create several
distinct modes at43, 84, 128, 166 kHz and an additional slow mode at f = 9.4kHz. In
Argon and particularly in Neon the spectral power maxima are radially localized with
nodes of lower power moving outwards (indicated by dashed line), but the overall
extent of the maxima are located around the pressure maxima. The power spectrum
for Deuterium shows only one broad peak around 80kHz and the slow, far reaching
oscillation at 7.5kHz, which is also seen in the conditional averaging (cf. Fig.8.9).
The faster peak is again split by a node at » = +2.5 cm, but a major difference in
the power spectrum is a high spectral power mode at low frequencies and the long
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Fig. 8.3 Radially resolved power spectrum (logarithmic intensity) of four discharges. The fre-
quency range is chosen to accommodate the mode structure frequencies

tail towards higher frequency. This could either be caused by broadband turbulence
or faster, unresolved dynamics. The photon emissions in Deuterium discharges are
insufficient for faster exposures, but higher harmonics can be ruled out.

The standard diagnostic for fluctuation measurements are Langmuir probes and
thus always used as an reference for other time-resolved diagnostic. Usually, the
Langmuir probe signals at PSI-2 is digitized at 100kHz for 10s to cover the full
profile traveling in and out. Subtracting a sliding average and extracting moving
windows from the complete data set of the ion saturation current Iy, a radial power
spectrum can be computed, which is shown on the left in Fig. 8.4 for a Deuterium
discharge. Although at lower discharge power, typical features are recognizable,
namely the slow oscillation (f = 7.5kHz) localized at r = 6.5cm and increased
spectral power close at the pressure maximum and zero frequency. The frequency
response decrease beyond 30kHz is likely caused by the bandwidth limit, while a
decline of spectral power similar to the node in the fast camera power spectra is still
visible at a radius of 2.5cm.

Using the transient recorder HIOKI 8861 the Langmuir signals could be digitized
at 1 MHz, but for only fixed length of 2s and hence for a limited radial extent.
The power spectrum for a sweep through the maximum pressure region of a Neon
discharge is shown on the right in Fig. 8.4, compared with the radially averaged
power spectrum from Fig. 8.3. Most of the features are well comparable, while the
peak at f = 9.4kHz is absent but appears in measurements at the plasma edge (not
shown).

The comparison of the spectral power profiles obtained by Langmuir probe and fast
camera measurements confirms the equivalence of both diagnostics for characterizing
plasma fluctuations and observing fast transients, since the frequency response is
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Fig. 8.4 Power spectrum of /g (moving window FFT) in Deuterium (left) and a radially averaged
comparison between I, and brightness power spectrum for a Neon discharge (right)

identical towards higher frequencies with the transient recorder. While the Langmuir
probe measures local profiles, the fast camera captures the whole plasma profile and
benefits especially from optically thin plasma conditions, where fluctuations can be
traced throughout a azimuthal plasma cross-section.

The axial length (parallel to magnetic field) of the modes is estimated by com-
paring simultaneous fast camera measurements at ports F2.1/F3.1 or F2.1/F4.1 with
an axial distance of 40 and 80cm, respectively. Since the plasma transport along
the magnetic field is much faster than perpendicular to it, coherent structures are ex-
pected to stretch over this distance and result in high coherence (>~ 0.5). Deuterium
discharges ranging from 100 to 300 A and 50 to 150 sccm were imaged with 182k fps
(v641) and 912k fps (v711). Discharges with lower photon emission were addition-
ally recorded at 136k fps (v641) and 680k fps (v711). Depending on the reference
signal, either the faster signal is down-sampled or the slower one interpolated.

Ideally, every fifth frame is recorded at an identical time for an exactly matching
frame rate ratio of 5, but hardware restrictions limit the frame rate settings and
hence the slow video frames are not exactly synchronized to every fifth fast frame.
Therefore, the time relations of the temporally closest frames drift and a higher ratio
is still beneficial for matching the slower time base for the necessary down-sampling
and interpolation of the faster v711 video.

Figure 8.5 shows the cross-power spectrum (top) and coherence (bottom) for a
300 A, 75sccm Deuterium discharge according to Eqgs.6.6 and 6.7 for about 110
and 6400 data points in radial and temporal dimension, respectively. The frequency
resolution of the FFT is 178 Hz and overlapping windows with 1024 data points
were used for a realization, but other settings were tested as well with similar results.
Spectral power and coherence show high values for the low frequency (7.5kHz),
high frequency (80kHz) and towards zero frequency in the center. The radial extent
is restricted due to high sampling frequency, but all important spectral features are
visible and lead to the conclusion of axially elongated structures. These results are
comparable for all Deuterium discharges, while the spectral positions are slightly
different, yet exhibit high coherence values. Furthermore, similar results are obtained
for Neon discharges ranging from 100 A to 300 A and 50 to 150 sccm.
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Fig. 8.5 Spectrally resolved cross-power Pxy (top) and coherence Cxy for a 300 A, 75 sccm Deu-
terium discharge with a distance of 80cm (F2.1 and F4.1)

Mode Analysis

For two dimensional signal analysis, there are two principle ways of mode analysis:
spatial or temporal. The amplitude evolution in the temporal sense can be realized
by a moving FFT window much smaller than the total length of the signal, and
averaging over the whole or part of the radius. If an oscillation is not well charac-
terized by a single frequency, wavelet analysis uses predefined wave trains instead
of sinusoidal functions. Although the modes in PSI-2 are sinusoidal, they last only
a few cycles due to the short correlation time and overlap in time, e.g. in Argon and
Neon discharges. This can be seen in Fig. 8.6, where examples of auto-correlations
for Argon and Deuterium are shown at selected radii. Therefore, this representation
is only a simplification from a full two-dimensional analysis of the decay lengths.
However, the presented positions are chosen as representative samples in the mode
structures (cf. Figs. 8.1 and 8.3) to avoid multiple, overlaying oscillations and are
hence sufficient to show the general lifetime of plasma structures in the discharge
conditions.

There are usually a slow and a fast or not resolvable component, recognizable
by the immediate drop around zero time delay. While the central drop can also
be explained by random fluctuations or noise, the large fluctuation amplitudes (cf.
Fig.8.1) point towards irregular occurring brightness excursions. The correlation
time estimate is based on fitting an exponential function A(t) = A exp (—t/71/e)
with amplitude A and decay time 71/, where the amplitude is only set to accommo-
date the slow decay, which is in the order of 500 us. The only resolvable fast decay
is displayed in the upper right picture with a much faster decay of 32 s, while other
examples exhibit a rapid decrease of the auto-correlation coefficient within the first
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Fig. 8.6 Normalized auto-correlation examples for Argon and Deuterium at selected positions with
exponential functions fitted to the envelope of the oscillation, disregarding the initial peak att =0 s

few s, which points either to much faster time scales or singular events with high
brightness.

Circumventing short correlation times, spatial mode analysis can be used for
poloidal cross-sections, where the modes are retrieved by a spatial FFT along the
radius. However, when imaging the oscillation and using only a projection for the
analysis, the so-called principal component analysis finds the basic modes by eigen-
value decomposition of a correlation matrix. The largest eigenvalues denote the
modes with the highest amplitude and the time evolution of these principal modes
show possible mode interactions or dependencies.

Both spectral mode analysis with moving windows and spatial mode analysis
with principal component analysis do not lead to a clear dependence between the
oscillation amplitudes of various modes in the analyzed discharges. Short correlation
times and the excitation of various modes and mode numbers point towards a broad-
band turbulent plasma state in which the observed modes are excited at random. The
oscillation frequency and mode structures are in the range of drift-wave instabilities,
which are created by the plasma pressure gradient and have been identified before at
PSI-1 [5].

Drift-wave turbulence is one of the possible causes for filament observations in
magnetically confined plasmas, while the generation and propulsion depends on the
particular plasma environment. Both drift-wave and filaments are structures elon-
gated along the magnetic field, which can be confirmed by the coherence at high
spectral powers. The outbursts found in the edge of Deuterium discharges are thus
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identified as filaments, which, if they occur intermittently, could be responsible for the
fast decay of the auto-correlation function in Deuterium. Therefore, the intermittent
character of the fluctuations is usually investigated by statistical measures.

8.1.2 Statistical Analysis and Conditional Average

From a statistical point of view the momenta of the time series of brightness from
the fast camera and the ion saturation current of the Langmuir probe often serve as
the first indicator of intermittence. In Fig. 8.7 the mean (gray), standard deviation o
(black), skewness (red) and kurtosis (blue) are shown for the fast camera data of a
high power Deuterium discharge (Fig. 8.1e). While the mean brightness is scaled, o,
skewness and kurtosis are shown unscaled. The minimum of the skewness is reached
slightly outside the maximum brightness and increases inside and outside up to a
value of S = 2, while the kurtosis shows a similar behavior. All curves show slight
asymmetries, while the general features are similar on both sides. An indication of
the hollow profile shape is visible in mean and o of the brightness. The comparison
between mean and o shows a higher level of relative fluctuation amplitude towards
the edge as the mean brightness decreases faster at smaller radii.

However, a direct normalization of the fluctuation amplitude (~ o) to the mean
brightness is ambiguous, since the minimum brightness for high frame rates is el-
evated and subtracted based on the smallest average brightness in a movie. On the
other hand, the skewness and kurtosis are statistical momenta normalized by the
standard deviation and thus independent measures. The three positions marked with
black dashed lines are marked for the extrema of the skewness profile and the center
position.

The most important feature is the increase of skewness and kurtosis towards
the edge of the plasma, while the maxima of the brightness profile are close to the
minima of the skewness atabout 7 = %3 cm. The skewness and kurtosis of a Gaussian
amplitude distribution is zero, while positive deviations show an over-abundance of
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Fig. 8.8 Probability density function for a Deuterium discharge at three radial positions, compared
to Gaussian and I" distribution

large positive events (skewness) with a steep amplitude rise (kurtosis). This motivates
another visualization of the non-Gaussian character of the fluctuation, the probability
density function (PDF) of the brightness signal, shown in Fig. 8.8. Gaussian PDFs are
compared to the actual distribution of amplitudes at three different radial positions
(marked red Fig. 8.7). At the maximum brightness the skewness is low and hence the
PDF deviates only slightly from a Gaussian distribution, while at the edge the PDF
is heavily skewed with a long tail reaching several o deviation.

In the time series of the brightness fluctuations normalized by o the largest positive
peaks are found in the edge. Without a clear resemblance in the frequency space,
i.e. there is no typical average waiting time in-between the peaks, these events are
characterized as intermittent. To further characterize their general properties the
technique called conditional averaging (Sect. 6.6) is applied to the time series. Usually
Langmuir probe data is analyzed, but since the spectral properties are comparable
and the fast camera frames give access the entire brightness profile evolution, only
these are are analyzed and presented in the following. Constructing the conditional
average of the profile evolution requires a minimum of one brightness threshold
at one radial position. Including a number of frames before and after the triggered
event shows the state of the plasma (inferred from the brightness) around reaching the
averaging condition. Four examples are shown in Fig. 8.9, where the trigger position
is marked with a white “x” and the trigger threshold stated in each picture, as well as
the number of events used for the averaging. The radial size of the trigger time trace
is 3 mm and the minimum waiting time is set to 32 frames (=25 ws). This rejects fast
successive events and sets the minimal waiting time in-between events. The single-
sided conditions (a, b, d) show a common brightness evolution in which a slow and
far outreaching oscillation is always roughly in phase with the detected event, while
a rapid oscillation in the bulk plasma is growing in intensity about 50—-100 s prior
to the event.

The dashed white line follows the slow oscillation and reveals a slightly different
timing between trigger and slow oscillation phase in these three cases. While the
upper events sits right in the maximum, the lower trigger point is ahead of the slow
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Fig. 8.9 Conditional average for upper, lower and both-sided events with marked trigger radii. The
color bars correspond to both pictures in each row

oscillation maximum. Furthermore the lead seem to increase with higher trigger
threshold, suggesting a faster growth rate of the bulk instability.

The ratio between upper and lower side event numbers is about 744 /1440 ~ 2
as seen in the figure for 3o, 238/540 for 40 and 110/164 for So. Although the slow
oscillation seems unaffected by the events, the lower outbursts cause a distinct drop
in bulk brightness for about 50 s indicating a larger impact on the plasma column.
The brightness at negative radii declines abruptly at about » = 8.5 cm even at higher
trigger thresholds, while triggering at larger negative radii only yields matches at
low thresholds and shows increased bulk brightness likely caused by reflections.
Thus, the total extent of the outburst on both side is limited by the optical imaging
(view field) of the camera. While some events show slowing or change of trajectory
backwards, the larger events resembled in Fig. 8.9d are faster, more compact and are
likely to reach a projected 10—12 cm radius.

Setting two triggers at opposite radial positions is tested in Fig. 8.9c, where si-
multaneous outbursts are averaged. Here, the slow rotation is absent, but the fast
oscillation is excited similar to the previous cases. The probability of these events is
about a factor 10-20 lower, even at a threshold of 2 ¢. This low event number pro-
hibits a detailed investigation in this work, since the number of photons captured by
the TS diagnostic roughly correlates to the number of events, and at least 2000-2500
events are needed for a analysis (cf. Fig. 8.23). However, the occurrence and clear
differentiation between single and double-sided events shows that the slow rotation
is not a necessary condition for an outburst.

The slope of the rising brightness front corresponds to either a radial velocity
or a projected and thus higher, azimuthal velocity in the range of several km/s. To
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Fig. 8.11 Absolute intensity profiles of various trigger positions, indicated by color-coded “x”,
with four thresholds each. The number of captured events is noted in brackets and the average
brightness profile shown as dashed black line

estimate some key properties for this specific set of conditions, two figures are shown
to illustrate the calculation methods in order to depict these properties depending on
the plasma discharge settings. Selected radial brightness profiles without background
are shown in Fig.8.10, where tracking the brightness onset translates to a radial
velocity of 5-7km/s (7-15km/s azimuthal) and the FWHM (dotted line) in spatial
and temporal dimension is Ar &~ 3cm and At =~ 3 — 4pus, respectively. The actual
size is about 1 cm smaller considering the movement of at least 7.5 mm (at 5 km/s)
of the structure during the frame duration of 1.6 us. Note the different time intervals,
which were chosen to highlight the essential profile changes.
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Fig. 8.12 Results of CA threshold and CA trigger radius scan: a velocity at ejection, b counted
events per second, c FWHM time duration for each event and d probability of finding event in frame

The conditionally averaged brightness amplitudes at trigger time compared to the
mean background profile are shown in Fig.8.11, where three trigger positions with
four trigger thresholds each are clearly visible as detached structures at t=0s.
Furthermore, the occurrence at each threshold is indicated in the legend. Similar to
Fig. 8.9 the events at negative radii are occurring slightly less frequent and on both
sides the occurrences decrease towards larger radii. From the profile evolution in
Fig.8.10 it is clear that triggering at different radii will often find the same events,
just at different times on their trajectory, which must be considered when estimating
the likelihood of occurrence.

To compare the properties of averaged events to theoretical models the dynamics
and intensity scalings are essential. Based on the general observations of Figs. 8.9 and
8.10 the directly accessible properties are now shown comprehensively in Fig. 8.12
for variations of trigger thresholds and radii. The velocity is estimated in Fig. 8.12 aby
averaging the delay between the two adjacent frames upon ejection and additionally
the delay of their cross-correlations to account for changing shapes, making the
estimate more robust. Generally the velocity scales positively with intensity (o) and
events detected at larger radii have a lower initial velocity, but increase in velocity
more rapidly while high intensity events near the bulk plasma reach a saturation
velocity between 5 and 6 km/s. Since the velocity is estimated around the trigger
radius these dependencies are valid only for the particular position and fit the picture
of a rapid ejection close to the plasma edge and then the dependence on the intensity
increases as only high intensity events reach the far edge. The apparent slowing of
smaller events could be caused by friction or a change in trajectory.
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The rate at which events are counted is shown in Fig. 8.12b and decreases sharply
from several 10* to a few tens of events. Smaller events are more likely to occur closer
to the bulk while larger events are more likely in the far edge, i.e. these large events
make up more of the total signal with increasing radius. The duration dependence on
radius and intensity is shown in Fig. 8.12c, where the duration is shortest and roughly
independent of ¢ for small radii and increasing with larger radii. As the trigger radius
increases the duration begins to shorten with increasing intensity.

In Fig.8.12d, the combination of duration and occurrence rate shows the total
amount of time at which the plasma is in the state of an ejection. Here the dead
time between counting events must be reduced to a few us and the counting routine
includes ejections in rapid succession if the amplitude drops to half its height in-
between.

Another representation of the ejection velocity is shown in Fig.8.13. The 10 us
velocity average is roughly constant for all trigger thresholds, while towards the edge
events with higher intensity stay faster and the velocity small events declines.
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The waiting time between events coined the term “intermittent” for the description
of the plasma ejections in the edge of plasma devices for there are no typical average
time delays between following events. In Fig. 8.14 the far edge of the PSI-2 plasma
shows an almost monotonically declining waiting time for small events and a flat
distribution for larger events. However, there is one large peak at 12.5 s and a small
peak around 65.5 s, corresponding to a frequency of 80kHz and 15kHz, respec-
tively. The rapid oscillation located within the bulk plasma is setting the minimum
time between ejections, causing this waiting time to be most likely, yet the peak is
rather broad and the ejections are neither totally random nor are they appearing at a
steady rate. Therefore, the conditional averaging method gives likely a better insight
to the dynamics, since it automatically aligns the fluctuations leading to these events.

The analysis of structure and dynamics of the events, found by setting a condi-
tional trigger with variable threshold, leads to the conclusion that there are coherent
structures with a large velocity propelled out from the bulk plasma. The size of 2-3 cm
and a velocity of several km/s fits well to filament properties found in the literature
[6]. The conditional averaging connects the filament observation in Deuterium dis-
charges to a bulk oscillation, while a slow outer oscillation seems to increase filament
ejection probability, but is not a necessary condition.

The brightness evolution recorded by the fast camera(s) is a versatile tool to
get an impression of the plasma dynamics and is applicable to all tested plasma
conditions. Statistical properties can be obtained for a full plasma profile and the
results can be considered comparable to those obtained by the Langmuir probe.
However, brightness and ion saturation current Iy, suffer from the ambiguity of
its signal in terms of relating them to plasma density and temperature fluctuations.
While the relation for I, ~ n.+/T, is a good approximation, the general photon
emission from a plasma originates from various processes, e.g. line radiation or
collision induced. The emission depends on the photon energy, neutral pressure,
plasma density and temperature. Although for a limited plasma parameter range and
a dominant process, e.g. line radiation in Deuterium, this relationship can reduce
to just brightness ~n,, generally not even a linear dependence can be assumed.
Lastly, the fast camera integrates the photon flux over a wide spectral range, which
is uncritical for Deuterium and its dominant H, emission, while Argon emits at a
number of wavelengths with each different parameter dependencies.

These experimental findings and interpretation limitations strongly motivates the
verification of the found dynamics by a diagnostic method, which differentiates
density and temperature, but is also time resolved. The connection between TS and
the fast cameras with the conditional averaging provides this possibility, and the
spatial resolution of TS setup is high enough to resolve the coherent structures in
Argon and Deuterium.



8.2 Conditionally Averaged Thomson Scattering 101

8.2 Conditionally Averaged Thomson Scattering

The final goal of achieving time resolved measurements with laser scattering on
low density plasma is concluded with the combination of fast camera measurements
accurately synchronized with the Nd:YAG laser and the TS spectrometer. The test
case with slow oscillations and high brightness amplitudes is the Argon discharge
with 350 A and 50 sccm, since the laser beam and stray-light conditions are stable
and there is a dominant oscillation, which can be investigated to test the diagnostic
system. Although there are no intermittent plasma ejections in Argon discharges, the
short life time of the oscillations and thus the limited coherence time are an excellent
test case, since the changes occur in the plasma peak where the sensitivity is high
and the oscillations are always present and just have to be “sorted” by their phase
relative to the trigger and laser pulse.

From the view point on the plasma dynamics, the Argon discharges are the op-
posite end with the highest ion mass of all the used gas species, highest densities
profile and the lowest observed frequencies.

The analysis of the conditionally averaged Thomson spectra is inherently more
inaccurate (statistically) since only a fraction of the total signal length is used and
thus less photons are available for a TS spectrum for the same discharge time. Instead
of spatial smoothing the resulting parameters, a different interpolation approach is
increasing the spatial binning to 2 cm, but shifting the spatial channel by only 0.5 cm
(overlapping 1.5cm with each shift). Although the spatial resolution is reduced to
2 cm, existing smaller structures or gradients are only dampened, while the Gaussian
fitting routine works more robust without failing the fitting process due to sparse
photon numbers.

Figure 8.15 shows a comparison between an equal native and effective resolution
of 0.5 cm, while the black curves use 2cm of data. The error bars here present only
the fitting error without the statistical errors since the latter remains unchanged. This
emphasizes the effect of the increased fitting accuracy, based on the residual of the
Gaussian fit. The smoothing effect is clearly visible in maxima and slope of density
and temperature profile, while the changes remain mostly within the fitting error bars.
The modes in Argon are in the order of 1-2cm, while the filaments in Deuterium
are 2-3 cm, thus the resolution after the reduction is still high enough to capture the
structure in just one spatial channel.

8.2.1 Coherent Oscillations in Argon Discharges

For the conditional average analysis in Argon 14,000 out of 21,000 laser shots were
recorded while synchronized with the monochrome fast camera without spectral
filters. The steady state discharge profiles were presented in Fig. 7.4 and the dynam-
ics analyzed by fast camera data in the previous section. The cross-referencing of
Thomson scattering and brightness profile evolution is now tested.
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Fig. 8.15 Thomson scattering profiles compared for two spatial resolutions with error bars repre-
senting only the fitting error, without the statistical error

While the iCCD recorded frames with and without laser pulse at combined rate
of 20Hz, the fast camera recorded 100 frames at f; =333 kHz around each iCCD
trigger, where the 55th frame coincides with (and records) the laser pulse (in every
second set). This is somewhat slower compared to the analysis in the previous section
but a necessary compromise between the amount of data, data analysis and the
time resolution. For the slower oscillations in Argon and specifically the prominent,
identified m = 1 mode at the 350 A/50 sccm settings, the number of frames and the
resolution is sufficient to identify the phase of the oscillation with respect to the trigger
frame. Since there are 14,000 shots, with each 100 frames and 128 pixels (radial), the
trigger condition can be varied in time and space. To follow the onset and decay of
the oscillation the conditional trigger threshold was kept at a constanto < 1.25...2
and radius r &~ 2cm, while the trigger frame was cycled from t = —120.. 120 ps
with a time step of At = 1/f, =3 s.

To illustrate the generation of the subsequent two-dimensional profile evolutions,
five brightness evolutions of conditionally averaged (¢ < 1.25, r = 2cm) fast cam-
era frames are shown on the left in Fig.8.16. As the trigger frame is increased, the
maximum of the oscillation shifts relative to the laser-containing frame. Setting the
conditional trigger in the laser frame leads to an increase in brightness, which is not
averaged out, while other trigger times show almost no sign of the laser signal. This
is likely caused by the overall increased brightness due to the laser and slight offsets
in subtracting the mean.

The Thomson profiles of density, temperature and pressure are shown on the
right for the central three cases. The time resolution of Thomson scattering is thus
created relative to the conditional trigger time, which is indicated on the left with a
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Fig. 8.16 Generation of Thomson scattering profiles triggered by CA brightness profiles in Argon.
The left side shows five brightness profile evolutions trigger at different times (indicated) and at
r = 2cm. Thomson profiles, obtained at the laser mark, are shown on the right for the central three
brightness evolutions

dashed line. The trigger times in this example are chosen to match the minimum and
maximum of the brightness oscillation. The resulting Thomson scattering density
profile for t =0 s shows a slight increase compared to the other two cases in the
whole plasma but mostly within the error bars. In contrast, the temperature profiles
follow the brightness clearly and the changes are significant relative to the error
bars. The pressure profile reveals, that the oscillation only increases the pressure
significantly at positive radii, while the pressure change at negative radii is small due
to the increased density counteracting the temperature drop.

To obtain the complete density and temperature profile evolution all trigger times
are combined and compared to the average brightness evolutions, which are added
with respect to its trigger time to average out the increased brightness during the
laser frame. Figure 8.17 presents a comparison of the brightness evolution for the
condition of a ¢ > 1.25 at r = 1.6-2.2cm and the corresponding density and tem-
perature profile evolutions. The resemblance of brightness and temperature fluctua-
tion is striking, while the density evolution shows some degree of oscillation around
t = &£ 50us with its highest increase at the same radial position compared to the
brightness. The maximum of the temperature oscillation amplitude is shifted slightly
outwards to » & 3 cm. The oscillation in 7, and brightness is matching in phase and
decay of its amplitude and while imaging the brightness reveals the complete, seem-
ing rotation, visible in the center of Fig.8.17, the T, profile lacks the connection
between the maxima. This is caused by the 6 cm depth-of-field of the fast camera,
which images the rotation also out of the laser plane, while the TS signal is exclusively
emitted and collected from the laser beam diameter.
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Fig. 8.17 Brightness, density and temperature profile evolution for a conditional average with
o > 1.25atr = 1.6-2.2cm for an Argon discharge

To highlight the correlation between brightness and temperature/density, Fig. 8.18
shows traces of the parameters at their upper and lower peak amplitude radii, respec-
tively. In the upper picture, the brightness is normalized by ¢ and reaches a slightly
less value then the threshold, since the shown trace is covering a range of one cm.
The amplitude of the temperature oscillation is about 1 eV corresponding to 20 % of
the T, = 4.5eV average value at the upper profile maximum. The period between
the maxima is approximately 25 s and thus consistent with the base frequency
of f=40kHz shown in Figs.8.3 and 8.1. The correlation time of the oscillation is
estimated to ¢ =75 s by the roughly fitted Gaussian envelope function.

Although the density profile misses a clear phase resemblance with the brightness
evolution, a significant increase by about 2 x 107 m~2 is found in the upper half
of the profile (r &~ —2.3cm). Two density excursions at t = 0 and —20 s seem to
be in phase with the temperature and brightness, while following peaks are then
unrelated to the oscillation. An unstable phase and/or frequency relation between
brightness/T, and n, oscillations would average out the density fluctuations in the
process of CA subset creation. Only the initial peak(s) would be retained and may
indicate an unsuccessful coupling between modes.

The temperature fluctuation found in the Argon discharge served as a test bed for
applying the conditional averaging method the Thomson scattering data and despite
the relatively small data set, the oscillation is clearly visible in the two-dimensional
temperature evolution and the temperature profiles deviate significantly between
trough and crest. Since the coherence time of the probed oscillation is much shorter
than the laser repetition frequency, yet always excited within the 100 frames recorded
around the laser measurement, the conditional average method could reconstruct the
plasma dynamics without prior knowledge of the oscillation phase. This was the
prerequisite for analyzing intermittent events, which can be regarded as fulfilled.
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each quantity

Since the measurement conditions for the first and third case from Fig. 7.3 were
unstable but showed similar dynamics in the brightness and temperature, a detailed
presentation is omitted here. The fourth case with 400 A and 100 sccm was somewhat
stable and delivered enough signal despite the overall sensitivity declines. However,
the visible oscillation in this discharge setting shows several competing or coexisting
oscillations, which require more specific conditional triggers and thus longer time
sequences for an analysis with similar accuracy as in the 350 A 50 sccm case.

8.2.2 Intermittent Bursts in Deuterium Discharges

For the final analysis of intermittent bursts in the Deuterium discharge with 300 A and
55 sccm a total of 42,000 laser shots were used. The Thomson scattering subsets are
created in the same way as the previously described Argon discharges, but with the
conditional trigger in the far edge as shown in Fig. 8.9. The average number of laser
shots contained in each subset decreases from 12% down to 5% of the total number
of laser shots for a brightness threshold of Icy > 1.25t02 0. The spatiotemporal
resolution is again reduced to 2 (pseudo 0.5) cm and 3 s, respectively, to minimize
uncertainties from low photon numbers in the fitting routine. The space resolution is
sufficient according to the structure size of the intermittent events and kept constant
to ensure comparable results, while the time resolution is fixed at the frame rate
for the duration of the experiment. The fastest dynamics still visible at high-speed
(715kHz) are smoothed yet still distinct as the intermittent event lasts for at least a
few us (trpwam =~ 3-6 Ws).

Figure 8.19 shows the relatively stable signal strength over the course of the ex-
periment and the negligible level of stray-light in the upper picture. The Raman
signal declines by 30% over the whole experimental day, thus only a 5% decrease
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Fig. 8.19 Signal evolution during experiment for normalized Raman, Thomson and stray-light
signal intensities, with the plasma background emissions scaled to indicate relative signal level in
the upper half picture. The lower half shows average plasma values based on individual files with
3423 laser shots each

is attributed each during the first and second measurement sequence, since they last
for only an hour each. The 3% decline of the laser energy is already factored in by
the normalization.

The lower picture in Fig. 8.19 shows an almost constant mean density in the first
run and a stable mean temperature throughout the discharge. For this discharge set-
ting the plasma background emissions are the largest contributor of unwanted signal
during the signal processing. This raised the question, whether the increased bright-
ness observed with the fast camera would also be present in the plasma background
of the TS measurements and thus lead to incorrect background subtraction.

To test the correlation between the plasma background collected within the range
of 518-547nm and the brightness oscillation perceived by the fast camera, the ex-
posure time of the iCCD was set to 1 ps and triggered without laser. No radial de-
pendence or correlation between the radially averaged signals could be established
in Deuterium discharges and thus the background variations were assumed to be
constant for all conditional average subsets. The lack of signal correlation could be
connected to the different imaging areas and the absence of line radiation in the spec-
tral range of the spectrometer. Since the collection cone of the plasma background
light extends throughout the whole plasma and the depth-of-field is only about 5 mm,
all localized structures in observing the plasma background are smeared out. Addi-
tionally, the high powered discharge conditions with low gas feed do not lead to high
emissions of molecular lines. However, when using TS with CA in recombining
conditions in Deuterium [7] or other gases with high photon emissions, especially
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Fig. 8.20 Brightness, density and temperature profile evolution for a conditional average with
o > 1.5 atr = 7.25cm for a Deuterium discharge

around the laser wavelength, the time dependence of the plasma background must
be considered.

The conditionally averaged brightness, density and temperature profile evolutions
for this Deuterium discharge are shown in Fig. 8.20. The condition of the intermit-
tent events surpassing 1.5 ¢ was set at a radial position of r =7.25 cm, at which the
highest average brightness is visible in the upper picture. The central and lower pic-
ture are comprised of 81 Thomson scattering profiles with each approximately 7.4%
of the total shots. The fast oscillation in the plasma center and the slow oscillation
in the plasma edge can be identified only in the brightness, while the bulk density
increases up until the ejection at t=0us. Fast variations in density and tempera-
ture are not observable, but the ejection itself leads to a sharp increase in the edge
temperature, which is preceded by a temperature and density peak at the opposite
radial side about 15-25 s before the ejection. For a better comparison of bulk and
edge plasma dynamics Fig. 8.21 shows the averaged bulk (r < &3 cm,r < +7.25cm)
density, brightness and temperature in the upper picture, while the same quantities
are presented for the edge (r = 6.5 cm) in the lower picture. The fast camera bright-
ness and density are shown in bold traces in the upper picture. The increase of the
average density reaches 5% above average and drops to 5% below average within
30-40 s and follows the similar but smoother brightness trace. The bulk plasma
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Fig. 8.21 Time traces of brightness, density and temperature in the bulk and edge plasma for each
quantity

temperature trace shows a weaker resemblance with the brightness, but not opposing
the trend. In contrast, the brightness evolution in the edge follows more closely to the
temperature, while the density seems unrelated. Therefore, in both cases the plasma
pressure compares well to the brightness, but in the bulk the density is more respon-
sible for the brightness fluctuation and vice versa in the edge. The peak temperature
reaches 10 eV with an increase of 4eV one frame (3 ps) before the CA trigger, but
synchronous to the density drop in the center. Since the maximum temperature in
the bulk is also around 10 eV and the density drops by a total of 10% the expulsion
of plasma around the intermittent event is confirmed. However, a density increase is
not observed in the plasma edge.

The conditionally averaged measurements lack the time resolution to resolve the
oscillation and the exact mechanisms behind the intermittent transport events. The
slow density increase and release is only captured for one period within the 100 frames
and the fast oscillations remain fuzzy. However, conclusion could be drawn from the
free-running fast camera measurements for statistics and conditional averages with
higher frame rates (cf. Fig.8.9). The slow m = 1, 10 kHz oscillation appears in
the conditional average and seems to promote the intermittence, while simultaneous
plasma expulsion to both sides are present but far less likely (N%)) and/or weaker.
The inner modes (m = 1 or m = 2) grow rapidly before the ejection and seem
directly linked to the creation of the intermittent event. A plausible explanation
for the intermittence is that the slow, outer oscillation pushes the growth rate of
emerging inner modes by variation in the pressure gradient. As in the standalone
CA brightness, the fast oscillation roughly grows and decays within 75 and 25 s,
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Fig. 8.22 Spectral power of free running videos and CA frames, averaged over entire radius

respectively, indicated by the dotted gray lines in Fig.8.21. The time of the growth
corresponding to roughly half the period time of the slower oscillation, while the
decay coincides with the temperature peak at the edge. After the decay the bulk
density is depleted for a 50 s period until it recovers.

To consolidate the findings by conditional averaging towards the general fluctu-
ations in the plasma and interpret the oscillations, Fig. 8.22 compares the averaged
power spectra of conditionally averaged events (gray dots/stars) to the standalone
recordings (solid/dashed lines). As the CA spectra are almost unchanged and thus
considered to be representative for the general discharge conditions, the density and
temperature dynamics associated to the mode structure in Argon and filaments in
Deuterium by Thomson scattering can be generalized. Of particular interest are here
the statistical fluctuation properties in Deuterium for their effect on erosion and
plasma transport in the edge of the discharge.

In addition to the analyzed cases of Argon and Deuterium, further Argon power
spectra are presented. For the first three Argon cases the frequency of the dominant
mode rises as the pressure rises (mainly through temperature), while the higher
harmonics blend together. This increase is either pressure related or an effect of the
lower effective mass by an increasing fraction of double ionized Argon ions.

8.2.3 Discussion

Dissecting the mechanism behind the turbulence in PSI-2 might be more compli-
cated than the usual linear plasma device (homogeneous field, gaussian profile) and
therefore require a dedicated experiment, while previously conducted experiments
of plasma dynamics on PSI-1 and PSI-2 give some additional ideas for possible
dynamics [5]. A subbranch of driftwaves, called ion drift waves (IDW), has been
observed in Krypton discharges, where the IDW generates mode structures ranging
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fromm = 1..6 (with 5 being the strongest) by finite Larmor radius effects. The fre-
quencies observed by Langmuir probes range from 5 to 70kHz with a phase velocity
of roughly 2km s~ 1. Plasma rotation velocities of ions in general have been observed
in PSI-1 [8], where corresponding frequencies of 5—15 kHz were found to scale with
input power, magnetic field angle in the source and the mass of the used ion species.
Although the measurements were conducted in the differential pump stage or in a
slightly different magnetic arrangement of PSI-1, the oscillations found in this work
fall within the previously observed drift wave range, and perturbation are expected
to be carried through the high-field region into the exposure chamber due to the fast
axial transport.

For symmetric linear machines with a well defined shape, there are already a
number of different causes reported for turbulent and non-turbulent structures, which
include neutral wind in the SOL [9], flow shear [10-13] and general drift wave
turbulence caused by strong pressure gradients [14] and the reduction of neutral
density [15]. As the primary usage of PSI-2 is dedicated towards plasma-material
interaction studies and reaching a high plasma fluence, other boundary conditions
for an easier plasma characterization are subordinate, e.g. the magnetic field is not
constant and slight asymmetries are tolerable. However, the flux expansion into
the exposure chamber is another potential source for low-frequency instabilities,
which can be triggered by a double layer (spatially isolated, rapid changes in plasma
potential) [16, 17].

The pressure gradients in PSI-2 responsible for generating drift wave turbulence
are in dire need of clarification. On the one hand, Langmuir probe data provide
strong inner and outer gradients in the hollow profile, while the time-resolved TS
measurements combined with the fast cameras show much flatter overall profiles,
but strong temporal variations, whose dynamic accelerate with decreasing ion mass.

On the other hand, the fluctuation statistics and power spectra are similar for
Langmuir probe and fast camera. Nevertheless, resulting from various sources of
turbulence, the generation and expulsion of coherent structures is a property of many
linear plasma machines. The experimental results show pressure and brightness fluc-
tuations in a typical drift-wave (turbulence) frequency range, coherent, axially elon-
gated oscillations or filaments expelled with radial velocities of a few km/s and a
radial or azimuthal size of about one cm. Without the examination of a wider range
of plasma dynamics by a systematic parameter scan within discharges, the ion mass
dependence is the only parameter variation, confirming a dampening by the higher
inertia of the increasing ion mass. An advanced interpretation of the dynamics is be-
yond the scope of this work for there are many particular destabilizing mechanisms
to choose from. However, the key statistical properties, which are expected to be
similar in all magnetically confined devices, could be confirmed within PSI-2 with
its “unusual” magnetic configuration.

Furthermore, a feedback loop like in a predator-prey-model can be excluded as
an explanation for the plasma dynamics as it would require an increased amplitude
of the outer oscillation after the ejection, which is not observable. A feedback loop
shifting energy between different modes would also cause longer coherence times,
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since the existing modes exchange/shift energy between each other but never fully
decay.

However, one important experimental finding is the observation of temperature
fluctuations related to brightness fluctuations, which are generally neglected, while
a density-brightness relationship is inferred in Deuterium and Argon [18, 19]. A the-
oretical evaluation with Helium showed both density and temperature to play a role
[20] at the frequencies observed in this work. Since in this work no spectral filter was
usable for Argon, the fotal photon emission received by the camera is responding
to temperature fluctuation. Each of the transition lines (cf. Fig.4.4) is emitting pho-
tons based on temperature and collision-rate dependent population densities, hence
this relationship might only be possible by the relatively high electron temperature
in the first place and low-temperature Argon discharges with high density (fluctua-
tions) could behave differently. Nonetheless, the general possibility of temperature
fluctuations must be acknowledged in PSI-2, especially since they influence crucial
processes in PWI and bias predictions if not considered (cf. Chap. 2).

8.3 Impact of Hot Plasma Filaments on PWI Processes

The experimental findings of intermittent filament ejection in Deuterium are now
reconciled with the focus on the PWI processes, based on the impact of their statis-
tical fluctuation properties, outlined in Sect.2.3. With the examples in the previous
section the conditional average of intermittent spatiotemporal plasma structures was
analyzed by time-resolved Thomson scattering and the PDFs of the brightness fluc-
tuations can be qualified by TS.

Although the definition of intermittence only holds in the far edge, it is clear
that the plasma ejections are still related to oscillations, while non-linear interac-
tions between the modes cause the deviation from a stable rotation. The amplitude
requirement for defining filaments varies in the literature, but either a certain thresh-
old above background pressure is given or well above the standard deviation of a
fluctuating signal. The thresholds used in this work are rather on the lower end of
the definition spectrum to include more shots and lower the error bars. However,
to extract the properties of the filaments and the corresponding plasma conditions
creating them, a higher threshold is desirable.

Figure 8.23 shows a series of profile snapshots at the ejection time with increasing
CA thresholds and compares results for these triggers on either side of the plasma
column. Both trigger positions are on the inner side of the pictures and marked with
the dashed red line. From high to low trigger the color codes change from black to
green accordingly with black in the background for better visibility, since the lower
signal causes higher error bars. The left side is part of the previous analysis, where
the raised temperature and density are prominent above the average profiles in gray.
While the density seems to further extend the profile to the right with higher CA
thresholds, the temperature peaks at similar figures at the edge. This supports the
picture of plasma being ejected from the bulk or peak region of the column, because
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Fig. 8.23 Radial profiles of fast camera brightness,density and temperature for CA triggers at
=+ 7.25 cm during the plasma ejection. The increasing trigger thresholds are overlayed by the average
profiles of each quantity. The different radial profile extents are caused by available signal level

only a fast, adiabatic transport process like the filaments are capable of reaching
temperatures corresponding to peak value of the discharge. An independent heating
process seems unlikely, since the density extension suggests plasma being transported
rather than locally heated. With increasing strength of the ejection, merely more
plasma is ejected, causing a higher density and increased brightness.

A very different picture is seen on the right side with the CA trigger at
r = —7.25cm, where the increased brightness seems solely caused by an increase
in density well above the error. Although the temperature profile changes are subtle,
an increased gradient on both sides of the negative (radius) peak region seems to be
connected to the ejections process. Asymmetries were found already in previous fig-
ures depicting CA profiles and their evolutions, as well as in the ejection probability
(based on trigger threshold). Looking at the gradients and the meaning of turbulent
transport a simple relation could be inferred as follows. The steeper gradient at neg-
ative radii corresponds to a lower transport coefficient and vice versa for the much
weaker decay on the opposite side, which is caused by a higher number (probability)
of filaments being ejected on that side. Density and temperature peaks are slightly
lower as well. The reason(s) for this asymmetry could be manifold from ranging
from asymmetries in the plasma source over to chamber or magnetic field related
inhomogeneities.

Another important observation for the analysis of Thomson profiles towards lower
signal levels is the reproducibility of the results, despite the large error bars. The fitting
routine works robustly, while smooth deviations with lower signal levels would be
unexpected.

The skewness profiles of brightness, pressure and temperature are shown for four
CA cases in Fig. 8.24, where the saturation of the lines indicate the CA threshold
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Fig. 8.24 Skewness profiles of brightness, pressure and temperature for four indicated CA trigger
radii in Deuterium. The saturation of the curves increase towards higher CA amplitude thresholds.
Note the threefold higher skewness scale on the left

ranging from 1.25 to 2 o. The central skewness values fluctuate around zero or slightly
positive, while the triggered regions of interest are in the middle of the figure. Here
the pressure skewness is exclusively positive and usually increasing with higher o.
As observed before, the CA triggered brightness at negative radii respond less to the
edge temperature, while on the left the temperature skewness is always positive at
the edge, similar to the pressure. Albeit only 81 time steps of each CA time series are
used for the skewness calculation, the fluctuation statistics of brightness, pressure
and temperature share the same bias towards a positively skewed PDF.

An illustration of the fluctuation statistics with the corresponding shares of back-
ground and intermittent parts, representing diffusive and turbulent/convective trans-
port is shown in Fig.8.25 for the edge of a Deuterium discharge. The intermittent
share is fitted by the PDF of a I'-distribution with a skewness of 1.4, while the
measured overall brightness trace has a skewness of 0.95, since the mean values
differ.

A qualitative physical picture could explain the background fluctuations arriving
through slow diffusion with equilibrating particles and thus causing only minor ex-
cursions from the average, while the fast, turbulent and adiabatic transport delivers
the large amplitude events. Therefore, both shares are needed for an accurate fit and
considered for demonstrating the effect of the skewness when calculating sputter-
ing rates. This shall be done only as an example for Deuterium on Tungsten with
the sputtering yield fit function [21], shown in Fig.2.2 on the left. Using only a
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one-dimensional energy distribution and a sheath acceleration of 3 kg T,, the sput-
tering yield function for a Maxwellian energy distribution similar to the right side of
Fig.2.2 is obtained, which is about 1.5 times smaller, likely caused by the exclusion
of the angular distribution. Since the filaments are coherent structures, adiabatically
transporting plasma from hotter regions, the realizations of temperatures rather than
projectile energies were tested. No additional radial velocity was assumed. Various
realizations of Gaussian and I" distributed temperatures with a length of 2 x 10°
were used to compare their effective sputtering yields to the mean temperature sput-
tering yield. The top pictures of Fig.8.26 show linear (left) and logarithmic (right)
sputtering rate curves for mean temperature, a Gaussian distribution, a mix of mean or
Gaussian and I" distribution, and finally a pure I' distributed temperature realization
with a skewness of S =2. The difference between mean temperature and Gaussian
distribution are small and negligible when the I' distribution is added. Significant
increases in the effective sputtering rate are visible, while the relative increases are
tremendous in the sub-threshold temperatures around 10eV, although the overall
sputtering rate is still extremely low. Towards a temperature of 100eV, the relative
increase drops to 10%, since the sputtering rate is less steep as compared to the
threshold region. The threshold itself, e.g. defined at a rate of 10~ drops from 20 to
30eV down to ~15eV. In the bottom half of Fig. 8.26 the influence of the skewness
is depicted. Skewness values ranging from 1 to 2 are commonly reported in the lit-
erature and also found in PSI-2, while the share of turbulent transport compared to
the total transport is estimated in the range of 50% and higher. Below a temperature
of 10eV, tremendous increases of the effective sputtering yield are visible, due to
the surpassing of the energy threshold. At S > 2.5 towards 100eV the trend reverses,
since the rate flattens and the realizations contain frequently values above 2keV,
which had to be capped for calculation stability.

The fluctuation statistics of the plasma conditions in the high powered Deuterium
discharges used in this work are indicated with a gray background in Fig.8.26.
While determining the range of the skewness is straightforward, the estimate for the
shares of Gaussian background and intermittent fluctuation parts could be based on
Fig.8.25. The areas covered with linear axis could serve as a rough estimate for the
fluctuation state shares, ranging from a quarter to half the total points. Comparing the
sputtering rates for this case (S = 1 and 50%/50% share) at the temperature of up to
10eV in Deuterium plasmas in PSI-2, the sputtering rate increases from 2 x 107!3
to 4 x 10710, This three order of magnitude increase is however extremely far from
any measurable erosion, even at steady state operated machines like PSI-2. Substan-
tial sputtering rates are reached upwards of 50eV, which are commonly simulated
by a bias towards samples surfaces. At these temperatures, the sputtering rate en-
hancement decreases to less than a magnitude, at which a non-Gaussian temperature
fluctuation on top of the bias could even fall below the uncertainty of the employed
diagnostic accuracies.

When determining the lifetime of the wall, the sputtering yield translates to erosion
in thickness with a given plasma density and exposure time. In this regard, a certain
sputtering yield must not be exceeded to remain below a “threshold”, e.g. 107 to
1073, at which the erosion is below the thickness of the first wall layer (e.g. 2mm
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tungsten). Although this sub-threshold transition is blurred by turbulent fluctuation,
the temperature at which the sputtering yield is below 10~ can be determined for
the different fluctuation states of the plasma edge. A horizontal line in Fig.8.26
at 107> crosses the mean temperature line at 35eV, while for the highest degree
of turbulence the line is crossed at only 10eV. Therefore, the determination of the
acceptable sputtering yield, corresponding to a particular layer thickness and plasma
density, must include additionally the temperature fluctuation statistics to choose the
correct maximum temperature.
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Chapter 9 ®)
Summary and Conclusion ez

The aim of this work was to investigate the impact of plasma dynamics on PWI pro-
cesses with a newly developed time-resolved Thomson scattering diagnostic, which
is motivated by the potential influence of plasma fluctuations on PWI. In the course
of this work the laser based plasma diagnostic setup was designed, built and installed
on PSI-2. Accompanied by Langmuir probes and two fast imaging cameras, a pho-
ton counting algorithm and conditional averaging, the Thomson scattering system
proved the ability of time-resolved measurements. Two selected discharge cases were
analyzed with a time resolution of 3 s as a proof-of-principle for this analysis. The
conclusions for this work include the implications concerning the Thomson scatter-
ing itself and other diagnostic directly or indirectly involved, especially with respect
to the diagnostic limits to detect filaments in plasma turbulence. These findings are
then applied to PWI in general as they are of interest for erosion in fusion reactors
and to the operation of the linear plasma generators PSI-2 and JULE-PSI.

The new laser based plasma Thomson scattering diagnostic presented in this thesis
contributes the capability of measuring density, temperature and velocity profiles with
a radial resolution of up to 3 mm in PSI-2. The lower bound of the electron density
error is defined by the Raman scattering cross-section of 8%, while a statistical error
of lower than 10% is generally achieved within Sm for low stray-light levels and
higher densities, while poor conditions and low density discharges require up to one
hour of integration time. With lower spatial resolution, these limits shift to shorter
times accordingly. The temperature boundaries for TS are 1 and 20eV, originating
from the the notch filter blocking the central spectrum and the width of the iCCD,
respectively. The requirements for a 10% statistical error are about twice the density
requirements and usually dominate the instrumental lower bound caused by the
spectral convolution.

The results obtained for all discharges in Deuterium, Helium, Neon and Argon
show a reasonably good agreement for T'S density and temperature profiles compared
to Langmuir probe measurements, considering the combined errors of both methods.
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The generally hollow profiles and peak positions of density and temperature are
mostly confirmed, while the drop of both parameters towards the plasma center is
much weaker in the Thomson profiles. The discrepancies of the plasma parameters
are thought to be caused by a combination of diagnostic uncertainties and different
locations, while the absolute figure deviations are well within a factor of 1.5 to 2.

The ability to preserve temporal information with Thomson scattering was
achieved by developing a photon counting algorithm for an iCCD camera. The al-
gorithm allows flexible measurement durations without sacrifice of signal intensity,
noise level or spatial resolution. Then, the synchronization of laser and visual imag-
ing transfered the time resolution of the fast camera to the Thomson scattering system
by the knowledge of the plasma state around the laser shot. The integration of shots
to a Thomson spectrum is selected by the conditional averaging method applied to
the fast camera data.

A successful test of this procedure was achieved for a high power, low gas-feed
Argon discharge. The discharge with a dominant m = 1 mode was analyzed by the
time-resolved Thomson scattering method and the cause of the 40kHz brightness
oscillation was identified as a temperature fluctuation with an amplitude of up to
1eV and a total excursion of about 1.5eV. The fluctuation pattern extracted by the
conditional average is consistent with free-running recordings of the plasma fluctua-
tions and hence representative. Therefore, the common assumption of an absence of
temperature fluctuations does not hold in this case and should be tested systemically
for other discharge cases. The mean brightness in Argon discharges is mostly gener-
ated by the rotating structures, leading to serious implications for other diagnostics.
In the most extreme case all of the light collected by spectroscopy stems from a
radially localized structure rotating at 10-50kHz, since the temperature excursion
amplifies the photon emission drastically. The integration time for an I-V-curve of the
Langmuir probe is with 20 ms much longer than the oscillations. Especially averaging
in the exponential region of the characteristic leads to interpretation problems.

The structural properties and dynamics of the turbulence were analyzed with
fast framing cameras with up to 1.3 MHz. on saturation current measurement in
selected discharges showed consistent spectral features compared to the fast camera
measurements. Plasma discharges with Argon and Neon exhibit oscillating multi-
mode structures with coherence times in the order of 50-100 ws, while for Helium and
Deuterium an additional slow oscillation appears at the plasma edge. The structural
and spectral properties are attributed primarily to driftwave turbulence, while other
causes can not be ruled out completely. With lower atomic mass some of the plasma
dynamics in Helium and Deuterium accelerate beyond the time resolution of the
fast cameras, likely because the inertia of the ions is less effective in slowing down
the dynamics. Additionally, all discharges were carried out with the lowest gas feed
possible with each gas type minimizing ion-neutral collisions, which would otherwise
stabilize instabilities by friction. The plasma diameter defined by steady state pressure
profiles and average brightness is increasing from Argon to Neon and Helium, while
towards the Deuterium discharge condition a threshold seemed to be surpassed and
the increased transport is lowering pressure and plasma size again.
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In high power Deuterium discharges the SOL of PSI-2 exhibits large scale bright-
ness fluctuations, which are identified as plasma filaments causing turbulent transport
far beyond the plasma bulk. With radial velocity estimates ranging up to 6 kms™!,
these (axially) coherent structures are similar to filaments found in the SOL of fusion
devices. Moreover, statistical properties like a positively skewed PDF of fast camera
brightness and ion saturation current and intermittency were confirmed. Therefore,
the final goal of this work was to qualify the time resolution and accuracy of the
Thomson scattering setup for investigating the filaments in Deuterium discharges in
PSI-2. While the temporal resolution of the new diagnostic did not suffice to clarify
the generation process in the core plasma, essential properties of filaments were re-
trieved beyond the error margin of the method. A density built-up and release of 10%
of the bulk (—3 to 3 cm) plasma was discovered prior to the ejection of plasma. In con-
trast, the brightness increase in the far edge of the discharge corresponds primarily to
a temperature increase on the more active side of the discharge. The temperature and
pressure evolution in temporal vicinity (conditional average) of the ejection exhibit
a positively skewed PDF, which aligns the statistical findings of Langmuir probe,
fast camera and now Thomson scattering. Consequently, the implications of such a
skewed PDF are concluded in the following.

Besides controlling the burning plasma in the center of a fusion reactor, exhaust
and transition to the solid walls and structure of a plant are the crucial factor for
a feasible fusion power plant operation. Although some degree of wall erosion is
practically inevitable, the lifetime of the wall components dictates the duty cycle of
a reactor and hence all known sources of enhanced erosion, disruptions and ELMs,
must be actively mitigated during reactor operation. Intermittent filamentary trans-
port is a universal feature of magnetically confined plasmas and can not be suppressed
to this date.

Modeling or simulating the effects of (micro-)turbulence on the wall erosion
requires similar time scales (months/years) or extremely precise measurements, as
the erosion margins are only a few mm. The filament properties found during the
investigation of the Deuterium discharges emphasize the importance of time-resolved
measurements of edge plasma properties, since the brightness fluctuations correspond
mainly to temperature fluctuations, whose mean values obscure the influence of
skewed PDF on nonlinearly temperature dependent processes like sputtering.

A fluctuation distribution with a skewness around or above unity is common in
the literature, however the association to density, temperature or pressure is difficult.
The effective sputtering yield based on non-Gaussian temperature fluctuations virtu-
ally eliminates the “sub-threshold” operational point and leads to strongly increased
sputtering yields up to a mean temperature of 100eV.

Furthermore, the surface area of the first wall adsorbs and recycles fuel, ash
and impurities of the reactor and these processes are highly sensitive to density
AND temperature fluctuation. Detailed knowledge of the fluctuation statistics is thus
necessary for meaningful predictions and possible strategies to suppress or mitigate
adverse effects of the plasma filaments.

The application of Thomson scattering on PSI-2 provides useful feedback to its
possible application and limitations on JULE-PSI, while the measurements them-
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selves are important for the utilization of the plasma column, since a similar plasma
source will be used. PSI-2 provides a realistic environment for achieving plasma con-
ditions similar to inside of the reactor in terms of heat load, particle load and material
temperature. Achieving high fluence on samples with a known particle energy dis-
tribution is the basis of the analysis and modeling of PWI processes. Spectroscopic
measurements supporting Langmuir probe profiles served as sufficient consistency
of discharge characterization, while Thomson scattering is generally considered as
a more accurate diagnostic. However, regarding the parameter fluctuations in high-
power discharges investigated in this work and the discrepancy between Langmuir
probe and TS profiles, a certain ambiguity has surfaced systematically throughout
most measurements. The Abel-inversion of line integrated spectroscopy requires
an input profile shape, assumptions about azimuthal symmetry and ignores time-
dependence, hence no clarification can be expected. Based on the presented TS
measurements, the density profiles show a far less pronounced drop towards the
center, thus the exclusion of this exposure area should be reviewed. Furthermore,
the temperature profile plays a minor role for the particle energy deposited on the
surface, while the probe bias and the plasma potential are the main contributors.
Increasing the throughput of exposed samples per session and thereby decreasing
the number of sample changes accelerates experiments and increases efficiency in
PSI-2 and is even more important in a remote-handled device like JULE-PSI. Nev-
ertheless, since the presented TS setup is aiming at time resolution, which is out of
focus for JULE-PSI, where a more rigid, robust installation of TS would be required.
The major disadvantage of TS is the high operational effort, especially related to the
optical arrangement. However, if signal and laser transmission and calibration are
ensured, no contamination as in the case of intrusive diagnostics would occur, while
the optical signal acquisition could be used for other spectroscopic methods as well.

9.1 Outlook and Future Directions

The newly installed Thomson scattering system with the ability to measure inter-
mittent plasma fluctuations time resolved by conditional averaging is the first of its
kind and achieved a proof-of-principle status during the course of this thesis. The
optics and imaging system of the cameras (CMOS and iCCD) and spectrometer
are state-of-the-art, highly optimized and efficient, while the implementation and
measurement involved many manual procedures and massive amounts of RAW data
(<400 GB/day) due to the pilot character of the experiment. During the course of the
campaigns many improvements were implemented on the fly or after analysis, while
other long-term improvements could not be implemented, but mentioned as future
enhancements with their potential influence on the experimental capabilities.

The benefits of an improved Thomson scattering setup are versatile, since many
aspects are either improved or more precision can be achieved with dedicated con-
figuration changes. Fundamentally necessary is a general increase of signal intensity
(and SNR) by increasing laser power, reducing stray-light and background and in-
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crease signal stability. Combined, these effects could allow an order of magnitude
increase in signal to be used for spectral or spatial accuracy gains. Especially an
increase in spectral resolution is greatly anticipated for it allows conclusions based
on the velocity profile and the deviation from a Maxwellian EEDF.

Additionally, the advanced use of the fast camera synchronization with better
lenses and two cameras allows a wider range of conditions for the CA method, while
more structural information will be added as well. Technically, the alignment of
temporal resolutions in free-running and CA measurements with TS is possible, but
so far restricted based on the available signal strength. Without this restriction, more
details of the fast Deuterium oscillations are resolvable by TS.

The experimental stability during the course of a day is critical for prolonging
the acquisition time. Preparations are already in place to counteract two of the most
pressing issues, the decreasing window transmission by metal coatings and the beam
position control. The first problem is a general concern for spectroscopy at PSI-2
and thus a rotating shutter was developed. Furthermore, the slight transparency of
the needle stack beam dump is a unique feature for the position control and live
monitoring of laser power, which needs to be exploited.

Considering all the above mentioned improvements and some advances in the
analysis routines, a dedicated effort to maintain high signal power of the course of
a full day seems within reason. The versatile operation of PSI-2 with several gases
and mixtures over a wide range of power and gas-flow parameters, variable plasma
termination and biasing, give rise to a number of worthwhile and interesting future
investigations of fluctuations and plasma wall interactions. Regarding the goal of this
work of establishing a diagnostic for accurate and time-resolved measurements of
plasma filaments, the ultimate ambition is to understand the generation process and
dynamics within these filaments. In conclusion of the mentioned improvements in
the outlook, the diagnostic setup would allow investigating the temporal evolution
of the EEDF in turbulent structures and hence give tremendous insights into the
generation processes.
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