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Abstract

This Thesis addresses questions related to transport phenomena and the plasma pro-
duction mechanisms by injection of microwaves in the electron-cyclotron frequency
range in the simple magnetised toroidal plasma TORPEX.

The second subject is investigated in detail in Part II. The mechanisms of the
interaction between the injected microwaves and the plasma are identified. The
experimental results highlight the different roles played by the electron-cyclotron
and upper-hybrid plasma resonances in the absoprtion of the microwave power by
the plasma. The effects of the plasma-wave interaction on the electron distribution
function are investigated, confirming that the high-energy electrons that are able to
ionise the neutral gas mainly come from interactions at the upper-hybrid resonance.
Based on the experimental results, an expression is derived for the particle source
term, which can be used in numerical codes simulating the plasma dynamics on
TORPEX. The plasma production mechanisms are then related to the properties
of the time-averaged plasma profiles. A set of control parameters, including the in-
jected microwave power and the vertical magnetic field, are identified. These allow
one to vary in a systematic way the plasma profiles, as needed for a detailed study
of plasma instabilities and related transport.

The study of particle and heat transport is undertaken in Part III. A number of
experimental and analysis techniques, including a method based on the combination
of "conditional-average sampling’ and "boxcar-averaging’, are applied to identify and
quantify specific contributions to the total fluxes. The two-dimensional temporal
behaviour of density, electron temperature and plasma potential is simultaneously
reconstructed, thus contributing significantly to the characterisation of transport
mechanisms at play in TORPEX plasmas. Two clearly distinct mechanisms are
mainly responsible for the transport across the magnetic field. They are respec-
tively associated to unstable low-frequency electrostatic modes, identified as drift
waves and interchange modes, and to intermittent high-density plasma structures
(or blobs). It is shown that the blobs originate from the intermittent radial expan-
sion of the unstable modes in a region of strongly sheared £ x B flow.

Keywords: TORPEX, experiment, plasma, toroidal, transport, anomalous, instabil-
ities, blob, flux, ECH, production, microwaves






Version abrégée

Cette these est dédiée a I’étude expérimentale des phénomenes de transport dans les
plasmas magnétisés de la machine toroidale de base TORPEX (TORoidal Plasma
EXperiment), ainsi qu’a I’étude expérimentale des mécanismes de production du
plasma par injection de micro-ondes dans le domaine de fréquence électron-cyclotron.
La production du plasma est décrite en détail dans la partie II. Les différents
mécanismes d’interaction entre le plasma et les micro-ondes sont d’abord identifiés.
En particulier, le role essentiel joué par les résonances électron-cyclotron et hy-
bride supérieure dans le couplage de la puissance micro-onde au plasma est mis
en évidence. L’effet de l'interaction entre le plasma et les micro-ondes sur le fonc-
tion de distribution des électrons est ensuite étudié, confirmant que les électrons
de haute énergie, responsable de l'ionisation du gaz neutre servant a produire le
plasma, sont principalement produits a la résonance hybride supérieure. A partir
des ces résultats expérimentaux, une expression semi-empirique est établie afin de
modéliser les sources de particules dans les simulations numériques de la dynamique
des plasmas de TORPEX. L’influence des mécanismes de production du plasma sur
ses caractéristiques est également étudiée et conduit a I'identification d’un ensemble
de parametres de controle, tels que la puissance injectée des micro-ondes et le champ
magnétique vertical. La variation de ces parametres de controle permet de changer
systématiquement les profils du plasma et rend ainsi possible I’étude systématique
des instabilités du plasma et du transport qui y est associé.

Le transport de particules et de chaleur est étudié dans la partie III. Les diverses
contributions aux flux de particules et de chaleur sont identifiées et évaluées a ’aide
de plusieurs techniques expérimentales et méthodes d’analyses, incluant notamment
une méthode basée sur 1'utilisation combinée d'une moyenne par échantillonnage
conditionné et d’une moyenne ’boxcar’. Une contribution significative a la car-
actérisation du transport dans les plasmas de TORPEX est apportée en reconstru-
isant, simultanément et sur toute la section poloidale, les variations temporelles de la
densité, de la température électronique et du potentiel électrostatique du plasma. Il
est établi que deux mécanismes distincts sont principalement responsables du trans-
port dans la direction perpendiculaire aux lignes de champ magnétique. Le pre-
mier est associé a des modes instables électrostatiques de basse fréquence, identifiés
comme étant des ondes de dérive et des modes de type 'interchange’. Le deuxieme est
associé a l'apparition intermittente de structure de haute densité (blobs) résultant
de 'extension radiale et intermittente des modes instables dans une région ou le flux
E x B est fortement cisaillé.

Mots-clés: TORPEX, expérience, plasma, toroidal, transport, anormal, instabilité,
blob, flux, ECH, production, micro-ondes






Chapter 1

Introduction

It is commonly recognised that the transport of plasma particles and heat across
the magnetic field is anomalous, i.e. faster than the classical transport induced by
collisional processes. The close similarity, at least in a statistical sense, of transport
phenomena observed in devices with different magnetic field configurations suggests
that the mechanisms responsible for the anomalous cross-field transport have a com-
mon fundamental character. Explanations based on the physics of drift waves and
instabilities represent the most promising avenue [45]. Drift instabilities are univer-
sal, in the sense that, being destabilised by pressure gradients, they are potentially
present in almost all magnetically confined plasmas. Correlated fluctuations of den-
sity and potential due to unstable modes can drive a fluctuation-induced flux [83],
to which an ’anomalous’ diffusion coefficient is sometimes associated [45][20].
According to theory, the non-linear evolution of unstable drift modes leads to small-
scale turbulence [45]. The subsequent wave-wave interactions over a broad spectrum
of wave-numbers may give rise to macroscopic, long-living ’structures’ of density and
potential [45]. The interest for these structures resides in the fact that they can be
elongated both across (zonal flows [59]) and along (streamers [52]) the direction of
the pressure gradient. The first case is generally associated with the presence of a
strong shear layer of the background plasma velocity and a reduction of transport
([73][44] and references therein). In the second case, hot and dense plasma regions
are connected to the cold and rarefied peripheral plasma, leading to the formation of
an efficient channel for cross-field transport from the core into the edge plasma. From
the edge, the plasma is partly lost along the open magnetic field lines. However, a
considerable fraction of non-diffusive cross-field particle and heat fluxes is observed
[12]. Experiments suggest that this is associated with the intermittent ejection of
high-density plasma structures, or blobs, poloidally localised and stretched along the
magnetic field lines. Understanding the relationship between plasma instabilities,
turbulence, structures and blobs, and the related transport across the magnetic field
lines has, therefore, deserved considerable attention in the past years.
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Progress in the characterisation of anomalous transport has been achieved in fusion-
oriented devices through a synergy between theoretical work and numerical codes
[24]. Simulations of the core plasma based on gyro-kinetic [59] and gyro-fluid [41]
models have pointed out the role of the turbulent flux associated with particular
classes of drift modes, destabilised by the ion and/or electron temperature gradient,
which may account for a considerable fraction of plasma losses from the core to the
edge of fusion devices. At the same time, fluid simulations of the edge region pro-
pose mechanisms leading to the formation and propagation of blobs, which transport
plasma from the last closed flux surface out into the scrape-off layer (SOL) [95][35],
and from here to the walls.

Theoretical and numerical work has progressed in parallel with experiments aimed
at unfolding the nature of the transport mechanisms, and their relationship with
turbulence and instabilities. Though limited by the diagnostics accessibility, experi-
mental information has become available from the core of fusion devices, supporting
the theoretical picture of large-scale structures generated by drift wave turbulence
[19][66][40][21].

Measurements are easier in the SOL region, which is accessible, for example, to
electrostatic probes and optical imaging techniques ([12][103][109] and references
therein). In the SOL region, the generally intermittent character of fluctuations
and transport has been established [12], and associated with blobs detaching (or
ejected) from regions across the last closed flux surface. An extensive characterisa-
tion of the spatio-temporal and statistical properties of fluctuations in the SOL has
been carried out. Striking similarities appear among different devices [13], for exam-
ple in terms of probability distribution functions and their higher order moments,
suggesting the existence of a sort of universality [1][38], i.e. a common behaviour
for different physical systems and experimental conditions. Additional experimental
observations from basic magnetised plasmas, conducted both in linear [75][15] and
toroidal [115][69][31] devices, have reinforced the idea of universality, whose possi-
ble relation with the development of electrostatic drift and interchange modes has
recently been suggested [56].

Similarly to fusion-oriented devices, a significant cross-field flux associated with the
propagation of blobs has been reported in these basic devices. Blobs form at the
transition between core and edge regions [12][103][6], from which they propagate
outward to the walls [35][55]. At present, only little is known about the mechanisms
behind the blob formation, and a better understanding of the physical phenomena
occurring at the transition between the main plasma and the edge region is needed.
Moreover, although the intrinsically non-diffusive nature of the flux related to blobs
has been recognised [12], the dynamics behind the blob motion is not clear yet, and
radial as well as poloidal patterns are observed [103].

More generally, several open issues, a resolution of which may lead to a deeper
understanding of the basic mechanisms behind the anomalous transport, can be



identified:

1. What is the relative contribution to the cross-field flux from correlated density
and potential fluctuations, associated to unstable modes, and from isolated
intermittent events (blobs)?

2. Which modes are most relevant for transport, and how are they related to the
specific configuration and plasma parameters of different devices?

3. How do blobs originate, and which mechanisms determine their dynamics?

4. Is there a direct link between linearly unstable modes and blobs?

A TORoidal Plasma EXperiment, TORPEX, has been constructed at CRPP/EPFL
to address these issues [28][27]. It is characterised by a high flexibility of the mag-
netic field configuration. Aiming at low density and low temperature plasmas, local
measurements with high spatial resolution are possible via electrostatic probes, that
can be inserted into the plasma throughout the whole cross-section. The diagnostics
setup, completed by a number of non-intrusive optical diagnostics, is intended to
produce the needed data to benchmark the many physical and numerical models
being developed at the moment.

This Thesis work presents the development of the TORPEX experimental facility
and the results from the first experimental investigations of the transport mech-
anisms at play in TORPEX plasmas. A detailed characterisation of the plasma
production mechanisms and of the properties of the resulting plasma profiles is also
undertaken to provide the necessary background for transport studies. The rest of
the Thesis is divided into four main parts:

Part I: The TORPEX experiment.

Part II: Plasma production and properties of the time-averaged profiles.

Part III: Particle and heat transport in TORPEX.

Part IV: Summary, discussion and outlook.

Part I describes the TORPEX experiment, including its development and the guide-
lines, in terms of physics and engineering, that have led us to specific choices of the
magnetic field configuration and plasma production scheme (Chap. 2). The diagnos-
tics setup is presented separately in Chap. 3. The technical details on the microwave
system and on the analysis of electrostatic probes data are given in Appendix A and
Appendix B.

In Part II the plasma production mechanisms and the properties of the resulting
plasma profiles are investigated. The mechanisms leading to ionisation of the neu-
tral gas by injection of microwaves in the electron-cyclotron range of frequency
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are discussed in Chap. 4. The spatial profile of the particle source term and its
dependence upon the experimental parameters are described in Chap. 5. A model,
partially based on a simple numerical code (Appendix C), is developed to summarise
the information on the source profile into a semi-empirical expression. The study of
the plasma production mechanisms is concluded in Chap. 6 with an experimental
characterisation of the electron distribution function and of its link with the particle
source profile. Chapter 7 presents an overview of the properties of TORPEX plas-
mas, in terms of time-averaged profiles, unstable modes developing on top of them
and intermediate time-scales of the macroscopic plasma dynamics.

The issue of particle and heat transport is addressed in Part. III. The experimental
and analysis techniques applied for transport studies on TORPEX are reviewed in
Chap. 8. The results for the total particle flux, estimated from the plasma dynam-
ical response to a modulation of the microwave power, are presented in Chap. 9.
Chapter 10 discusses the contribution to the radial (i.e. across the magnetic field)
flux due to electrostatic fluctuations of density and plasma potential. The results
obtained in the frequency domain allow one to relate the measured flux to the ob-
served unstable modes. In Chap. 11 the analysis is extended to a broader region
of the plasma cross-section. An experimental configuration, the so-called SOL-like
scenario, is identified, for which a main plasma region and an edge region, con-
nected by a transition region, can be clearly separated. Blobs are observed to form
in the transition region and propagate to the wall. The two-dimensional heat and
particle fluxes associated with plasma instabilities are measured from the plasma
density and potential fluctuations, reconstructed via a boxcar-averaging technique.
The particle flux carried by macroscopic plasma structures is calculated from their
spatio-temporal evolution, obtained from simultaneous measurements of the plasma
density over the plasma cross-section. The relationship between unstable modes
and non-linear structures is investigated in detail. The results of this work are sum-
marised and discussed in Part IV, which also provides an outlook for possible future
lines of research on TORPEX.
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The TORPEX experiment
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The TORPEX device:
construction, design and main
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In this Chapter I summarise the technical and physical guidelines at the basis of
the design of the TORPEX device, and the solutions adopted for its construction
(Sec. 2.1). The main components of TORPEX are described, including the vacuum
chamber, the vacuum and gas injection systems, the magnetic field coils setup and
the plasma production system. The main parameters of the machine, and the ranges
of typical operating conditions, are illustrated.
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Figure 2.1: Picture of the TORPEX device. One of the 'movable’ sectors is visible
in the bottom-right corner.

2.1 Machine conception and design

The experiments presented in this Thesis work are performed on the toroidal device
TORPEX [28], in operation at the CRPP-EPFL, Lausanne since March 2003.

The design of TORPEX started in November, 2001 with the goal of building a highly
flexible device for basic plasma physics studies. The main research lines were the
study of plasma instabilities and plasma-wave interaction physics, including their
effect on particle and heat transport [27]. A third research avenue, namely the
study of magnetic reconnection phenomena, was also envisaged but it has not been
exploited to date. In order to study plasma instabilities and transport phenomena
of interest for the fusion community, the main ingredients which are at the origin
of tokamak turbulence were needed. These include gradients in the plasma profiles,
providing the energy source for drift-like modes, and a curved magnetic field. This
led, as a natural choice, to a toroidally shaped vessel. As an additional advantage
with respect to linear machines, the effects of boundary conditions for the parallel
(to the magnetic field, B) dynamics, imposed by end-plates, are reduced.
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Figure 2.2: The TORPEX vacuum vessel, composed of twelve sectors, four of which
are 'retractable’. Several of the 48 ports are visible.

Vacuum chamber

The vacuum chamber [16], made of stainless-steel, is divided into twelve sectors, each
spanning over 30° (Fig. 2.2). The fourfold symmetrical vessel is divided into four
electrically insulated sets, of three sectors each, to limit the induced eddy currents.
Four sectors, toroidally separated by 90° from each other, are extractable (Fig. 2.1).
They can be easily removed from the machine to facilitate the installation, modifi-
cation and reparation of diagnostics. Spare sectors can thus be modified to fit the
requirements of new experiments, without stopping the experimental activity. The
retractable sectors are attached to the fixed sectors by chain-like flexible brackets.
A total number of 48 port-holes gives access for diagnostics and pumping. The
diameter of the vessel was maximised, given the constraints imposed by the size of
the pre-existing coils used to produce the toroidal magnetic field. The final value of
40cm corresponds to ~ 100 times the expected value of the ion sound radius, lead-
ing to negligible boundary effects on the plasma dynamics caused by plasma-wall
interactions extending through a significant portion of the plasma volume.
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Vacuum and gas injection systems

A schematic view of the TORPEX vacuum and gas injection systems is presented in
Fig. 2.3. Four turbo-pumps with a nominal pumping speed of 3451 /s (for N3), backed
by four primary pumps, maintain the vacuum inside the vessel at < 5 x 10~ "mbar.
Two primary pumps can be used to pump the vessel to ~ 5 x 10~ 3mbar, for exam-
ple after a machine venting. A convenient system of valves allows one to isolate the
turbo-pumps from the vacuum chamber (TirV'), and the primary pumps from the
turbo-pumps (PrimV’). Another valve (BV) is used to by-pass the turbo-pump and
evacuate the vessel through the primary pumps.

The working gas (Hydrogen or Argon, for the experiments reported herein) is in-
jected at one toroidal position. The line can be isolated from the vessel by the
so-called ’torpex valve’ (T'V). The injection rate for each gas is adjusted by flow-
meters controlled by an electronic 'gas control” system. Combinations of different
gases with arbitrary concentration is possible. An upgrade of the system is planned
for the near future to double the number of different gases that can be injected,
for example to perform systematic gas mass scans. A second line is used to inject
Nitrogen during the openings of the machine. The injection rate is adjusted through
a screw valve (IV). The pressure is monitored in the ’primary’ and ’high-vacuum’
branches of the circuit by vacuum gauges. In particular, two capacitive vacuum
sensors are used to measure the pressure inside the vacuum chamber.

Magnetic field

An important element for the flexibility of the achievable experimental scenarios is
the magnetic field configuration. Pre-existing coils (hereafter 'toroidal’ coils) from
the former LMP experiment [105][74] are used to produce a toroidal magnetic field
up to 0.2T, with typical values < 0.1T, which is high enough to have strongly mag-
netised electrons and magnetised ions. In addition to the main toroidal magnetic
field, the possibility of imposing a poloidal magnetic field component, produced by
external coils (hereafter "poloidal’ coils), was considered. An optimisation of the de-
sign and arrangement of the poloidal coils was conducted to achieve several possible
magnetic field configurations, including a purely vertical and a cusp-shaped mag-
netic field (Fig. 2.4). The details on the optimisation process and on the technical
specifications of the coils are extensively discussed in a previous Thesis work [67].
A subset of the poloidal coils can be used to induce a loop voltage inside the vessel,
similarly to the standard ohmic operation in tokamaks. This was done, in particular,
to study induced magnetic reconnection phenomena [25] and to force a transition
from open to closed magnetic surfaces, which may determine a change in the char-
acter of the unstable modes and of the related turbulence [88]. Although the latter
subject is not addressed in the present Thesis work, a first proof-of-principle has
already been obtained [30].
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High vacuum

Figure 2.3: TORPEX vacuum system, including the gas injection system.
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Plasma production

TORPEX plasmas are produced and sustained by microwaves at 2.45GHz, corre-
sponding to the electron-cyclotron range of frequencies. This plasma production
scheme has been preferred to other possibilities, e.g. a hot filament as a source of
primary ionising electrons, because no net currents and charge unbalance are in-
duced in the plasma. The choice of the frequency was based on the constraints
imposed by the maximum available toroidal magnetic field, B < 0.1T, correspond-
ing to frequencies < 2.8GHz. The value of 2.45GHz has been finally chosen on the
basis of the presently available commercial microwave sources. The wide use of these
sources for industrial applications makes it easier to find off-the-shelf components,
which results in a considerable reduction of development time and costs.

The microwave system installed on TORPEX is illustrated in Fig. 2.5. It consists
of a commercial microwave source and a transmission line, which transmits the mi-
crowave power from the source to the vacuum chamber. The source can deliver up to
5kW of microwave power in continuous mode, or up to 50kW during 100ms in pulsed
mode. In practice, the maximum available power is limited to 30kW to guarantee a
safe operation of the system, for example by avoiding arcing in the circulator and on
the microwave window. The microwave power can be modulated with frequencies
up to 100kHz for a sinusoidal waveform, or 20kHz for a square waveform. The mod-
ulation amplitude is arbitrary, with a lower limit for the injected power of ~ 200W.
The injected and reflected power are measured on the transmission line. Neglecting
the microwave leakage from the metallic vacuum chamber, their difference is taken
as the value of the power absorbed by the plasma. For practical convenience, the
microwaves are injected perpendicularly to the magnetic field from the low field
side (LFS). A truncated waveguide is used as an antenna, which introduces finite
k| components in the injected spectrum. The ordinary (O-mode) polarisation has
been chosen to avoid the cutoff for the extraordinary (X) mode at relatively low
densities.

A complete description of the capabilities of the EC system and of its modifications,
which were part of my responsibilities during the first part of this work, is given in
Appendix A.

Diagnostics and data acquisition

To diagnose the plasma, the use of electrostatic probes was mostly envisaged. A
copper ground plate, covering the whole experimental zone, was installed to min-
imise the risk of electromagnetic perturbations pick-up by the measured signals.
The constraints and requirements for the development of the diagnostics set, and
the solutions adopted, are extensively discussed in Chap. 3.
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Figure 2.4: Two possible configurations of the poloidal magnetic field obtainable on
TORPEX: purely vertical (top) and cusp-like (bottom) [67].



2.1. MACHINE CONCEPTION AND DESIGN 19

N Magnetron head .
' & - | J

Figure 2.6: The TORPEX device. The microwave source is visible at right side of
the picture.
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Most of the experimental data from TORPEX are obtained by means of electrostatic
Langmuir probes (LPs), designed and constructed by members of the TORPEX
team in collaboration with the CRPP technical staff. The criteria which lead to a
particular probe design are usually based on different needs and constraints, which
span from physics to mechanics and electronics. These criteria and the solutions
adopted on TORPEX are discussed in Sec. 3.1.

For practical convenience, multiple mechanical systems allowing a remote control of
the probe position have been developed. The different solutions adopted so far are
presented in Sec. 3.2.

All the experimental signals from the probes are usually pre-treated by dedicated
electronic modules, then stored in a MDSplus! database. The architecture of the
TORPEX database is discussed in Section 3.3. The acquired data requires specific
analyses to extract the physical information. A set of routines have been devel-
oped in the Matlab environment for processing semi-automatically large amounts of
data.

The different probes and their capabilities in terms of spatial resolution and fre-
quency response are presented in Sec. 3.4. The names with which each probe is
referred to throughout this Thesis are also introduced. An overview of the diagnos-
tics layout, indicating the toroidal position of the probes, is shown in Fig. 3.5.

YWebsites: http://www.mdsplus.org and http://www.psfc.mit.edu/mdsplus.
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3.1 Probe design and construction

The main needs for the development of specific diagnostics for the TORPEX ex-
periments are dictated by the general goals of the experiment. These include a
systematic study of the instabilities which are potentially important for particle and
heat transport across the magnetic field. The first requirement is to have a complete
characterisation of the plasma in terms of the average profiles of density, tempera-
ture and potential. Second, one needs to characterise the instabilities which possibly
develop on top of the average profiles in terms of frequency and wave-number spec-
tra, and of their spatio-temporal patterns.

At the beginning of the TORPEX experimental activity, little information was avail-
able on the shape of the profiles, hence on the typical scale lengths for profiles
variations, and on the properties of the unstable waves. Based on the results ob-
tained in similar experiments [91][98], indicating for example typical gradient lengths
~ 1 — 5cm and fluctuation frequencies < 10kHz, it was decided to install a first set
of probes, including:

e A L-shaped array of 8 tips spaced by 1.8cm (SLP), used to measure the time-
averaged plasma profiles. It was movable radially across the poloidal cross
section and rotatable around its axis.

e A set of fixed probes, used to monitor the homogeneity of the plasma density
at different toroidal positions.

e Three fixed arrays with 22 AC-coupled pins each (FLP), used to investigate
the properties of the plasma fluctuations at ~ 4cm from the edge.

The probes were made up of stainless-steel pins?, encased in a ceramic holder. Par-
ticular attention was paid in the choice of the cables for the FLP array, in order
to avoid noise pick-up and cross-talk between different pins, and to provide a large
bandwidth. For that reason, the probe was built from Thermocoax, shielded cables.
The associated electronics was characterised by a bandwidth < 200kHz, with a flat
frequency response up to ~ 120kHz. The signals were acquired at 250kSamples/s.
The results of the first experimental campaigns added more precise information on
the spatial plasma profiles and on the fluctuations properties (Chap. 7), hence better
defined requirements and constraints. The resulting guidelines for the different as-
pects involved in the probe construction and design, used for the ’second generation’
of diagnostics, are listed below.

2Tungsten is commonly used for Langmuir probe tips, due to its good thermal resistance and
high energy threshold for secondary electron emission. However, it is difficult to machine because of
its fragility. A comparison between results obtained from probes with tungsten and stainless-steel
tips has been carried out. For the stainless-steel tips there was no evidence of negative effects, such
as secondary electron emission, for the low electron temperature characterising TORPEX plasmas.
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e Probe geometry - To obtain as much information as possible on the spatial de-

pendence of specific plasma parameters, one may wish to maximise the number
of pins for each probe and cover a large portion of the plasma. By doing that,
perturbations are introduced into the plasma because (i) probes are solid ob-
jects, representing a physical obstacle for the plasma, and (ii) they may drive
a current, implying that charged particles are removed from the plasma alter-
ing its 'matural’ charge balance. In this sense, the number of probes should
be minimised and the coverage of the whole plasma region achieved by alter-
native methods. For example, small probes installed on a mechanical system
which allows a 2-D movement inside the plasma are preferable. This concept
led us to design probes such as SLP, TWEEDY and TRIP (Sec. 3.4).

There are, however, cases for which a simultaneous coverage of an extended
region is needed, e.g. to perform a spatio-temporal reconstruction of the dy-
namics of plasma ’structures’ (Sec. 8.6). An example is provided by the HEX-
TIP probe. In this case the perturbations are minimised by reducing as much
as possible the size of the probe tips and holders.

Contamination of the plasma - During a plasma discharge, the probe electrode
and its holder are subject to electron fluxes. Materials can heat up, especially
in long discharges, and release impurities which alter the properties of the
plasma. In addition, metallic electrodes hit by energetic electrons are subject
to secondary electron emission, which can modify considerably the probe re-
sponse. The choice of the probe materials is important to limit these negative
effects. Ceramics, glass, tungsten should be preferred to softer materials, e.g.
Teflon, PVC and other plastics. The latter are easier to machine, but more
prone to releasing impurities, melting and outgassing. For the same reason,
glues should be substituted by ’liquid ceramic’ and a special tin, containing
silver instead of lead, used for soldering.

Vacuum interfaces - Vacuum-tight electrical feed-throughs are used to bring
the probe signals out from inside the vacuum chamber to the electronics and
acquisition. For movable probes, there exist also mechanical interfaces between
the vacuum and the laboratory, at atmospheric pressure. In most cases, plastic
O-rings are used. The number of feed-throughs should be minimised, for
example by grouping together in a single multi-pin connector all the signals
coming from a specific diagnostic.

Cables and electrical connections - A single cable, without intermediate con-
nections inside the vacuum, should be used to connect the probe tip to the
feed-through. The cable type and size depend on the signal nature and am-
plitude. For small signals, and in general when a broad bandwidth is desired,
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the cable should also include a screening jacket? to avoid electromagnetic in-
terferences. The practical disadvantage of screened cables is that their typical
bending radius is large, and can not be used for complicated probe geometries
requiring, for example, a 90° bending over a few millimeters.

e FElectronics for signal processing and optimisation of the signal-to-noise ratio -

Probe signals are usually sent to an electronic module, which provides amplifi-
cation and filtering in the required bandwidth. The amplification factors and
the bandwidth must match the requirements of the acquisition boards, which
ultimately collect the measured signals.
In general, the amplitude of the probe signal depends on the plasma parame-
ters and on the probe size. For example, the ion saturation current drawn by a
probe is approximately given by 1/2 gn.A,, (T./m;)"/?, where g is the electron
charge, n. and T, the electron density and temperature, A,, the tip area and
m; the ion mass [47]. By imposing a lower limit on the measured current for
the expected plasma parameters, one can easily derive a minimum value for
the tip area. For TORPEX plasmas, assuming n. ~ 10'°m=3 and 7, ~ 5eV,
it must be A4,, > 6mm? to have a current > 100uA.

e Standardization and ease of repairing/replacing - The use of standard com-
ponents facilitates the design, installation and operations of the probes. For
example, the same layout for the mechanical support of the probes is used on
TORPEX for almost all the 'movable’ probes. This allows us to move the same
probe to different toroidal ports adopting the same flange type, or to install it
on a remotely-controlled positioning system (Sec. 3.2) without unmounting it.

o Microwave compatibility - The use of microwaves with wavelength in vacuum
of 12cm for the plasma production implies stringent constraints on the choice
of the materials and on the design of the probe components. Microwaves can
interact with metallic objects that are not conveniently grounded. Right angles
of the probe cables should be avoided, because they represent a high impedance
for the microwaves, leading to the formation of standing waves on the cables.
In addition, microwaves can be partly absorbed by plastic materials, which
can melt and release impurities into the plasma. Examples of damages caused
by microwaves, collected during the first years of operation of TORPEX, are
presented at the end of Sec. 3.4.

3Cables of this type are the "Thermocoax’ cables: http://www.thermocoaz.com,/
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Figure 3.1: First generation of mechanical systems for the remote control of the
probes position.

3.2 Probe positioning system

Some of the probes are installed on remotely-controlled movable systems, in order
to adjust their position shot by shot from the TORPEX control room with high
accuracy and reproducibility. A dedicated field in the TORPEX control graphical
user interface allows the operator to adjust the position of each system before a
discharge.

Three identical systems have been developed for the probes which are more often
moved during a session, namely SLP, TWEEDY and TRIP. The system consists
in a movable carriage, to which the probe arm is fixed through a rotating gear.
The position of the carriage and the rotation angle of the gear, hence that of the
probe, are controlled through stepping motors with an accuracy of £2mm and £3°.
The position and angle are measured via potentiometers before each discharge and
their values stored in the database. Optical detectors are used to stop the probe
movements before the maximum allowed range for radial displacement and rotation
is exceeded.

Measurements over the poloidal cross section are possible with a convenient design
of the probe. The movement of small probes consisting of closely-spaced tips, such
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Figure 3.2: Second generation of mechanical systems for the remote control of the
probes position.

as TRIP, is however limited to a chord at the midplane. A new design has been
proposed to overcome this limitation, and a prototype is presently at work . The new
system is presented in Fig. 3.2. The probe shaft slides inside a spherical joint, and
the probe mounted on it (in this case a Rogowski coil, not used in this Thesis work)
can span the whole cross section. The first and the second generation systems are
controlled by the same electronic slave unit, connected to the control room through
the BitBus (see Sec. 3.3).

3.3 Architecture of the data acquisition and net-
work system

A simplified view of the architecture of the TORPEX data acquisition and network
system® is shown in Fig. 3.3. The general principles are similar to those adopted for

4The development of the acquisition system and its integration with the MDSplus database has
been followed by S. H. Miiller, M. McGrath and X. Lobet. The Java GUI has been developed by
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Figure 3.3: Schematic of the TORPEX acquisition and signal networking system.
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the TCV tokamak [60].

Each probe, or set of probes, is connected to a dedicated electronic module from
which the raw signals are sent to the acquisition. The acquisition systems are
connected to an Ethernet link, allowing to download the data into the MDSplus
database (see below). Each module represents a node of a ’bus’, based on the
BitBus protocol®, which manages the flow of information from and to the different
TORPEX subsystems. Through the BitBus it is possible to set remotely the bias
voltage applied to some of the probes and the sensitivity of the current measurement.
More details on the TORPEX acquisition system, including its possible upgrades,
are found in Ref. [67].

3.3.1 Electronics

An electronic module for Langmuir probes has essentially two functions: (i) to pro-
vide the bias voltage required for a particular type of measurement, fixed or sweep-
ing, and (ii) to perform specific operations on the measured signals, for example
amplification and/or filtering. The bandwidth of the electronics is usually limited
to below 125kHz, representing the Nyqvist frequency for most of the TORPEX ac-
quisition systems (see below). A copper grounding plate, underlying the TORPEX
experimental zone, provides a well defined, common ground to all the signals and
electronics modules. A particular care must be spent when connecting elements
located at different positions, mostly to avoid ground loops which can perturb the
measurements. Signals from the probes as low as a few tens of millivolts can be
detected, which corresponds to measurable densities, or density fluctuations, in the
range 10%° to 10'®*m~3 and electron temperatures from ~ 0.5 up to 50eV.

3.3.2 Data acquisition and data storage

The TORPEX data acquisition system consists of three groups, depending on the
acquisition frequency:

o Slow acquisition - This system is based on CAMAC modules, with a maximum
acquisition frequency of 10kSamples/s. It is commonly used to acquire the
signals indicating the status of different technical elements, such as power
supplies and constant voltage sources.

e Fast acquisition - At present, it consists of two D-TACQ digitizers® with 96
channel each, running up to 250kSamples/s. They are indicated as DT200
and DT196 (Fig. 3.3). On these modules are acquired most of the signals

M. Helletzgruber (Helletzgruber IT Solutions & Consulting).
SWebsite: http://www.bitbus.org
6Website: http://www.d-tacq.com
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(a) (b)

Figure 3.4: (a) Racks collecting the electronics modules. (b) Detail of the patch-
panel, allowing one to connect a probe to a specific acquisition system.

coming from the different probes. The maximum frequency has been chosen
on the basis of the typical time-scales of the phenomena observed in TORPEX
plasmas (cfr. Chap. 7), which are usually below 10kHz.

e Ultra-fast acquisition - Two CAMAC-TRCF boards with 4 channels each are
installed, with a maximum acquisition frequency of 10MSamples/s. So far,
they have been mainly used for test purposes, for example to verify that no
plasma fluctuations are present outside the frequency range covered by the

D-TACQ modules.

After a discharge, the data is downloaded into the TORPEX database, based on
a MDSplus architecture. Data from each discharge are organised into a tree-like
structure, divided into sub-trees where control signals, raw signals from the probes
and post-analysis results are stored. The database is accessible via a TDI” interface
from standard data analysis languages, e.g. Matlab.

"Website: http://www.mdsplus.orq/tdi
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3.4 Overview of the diagnostics

In the following paragraphs, I describe the probes which are currently used on TOR-
PEX. An overview is presented in Fig. 3.5, in which the toroidal position and the
acronym of each probe are indicated. The probes data are analysed using standard
techniques, which are shortly summarised in Appendix B. A complete description

of the operation regimes of Langmuir probes and of the corresponding analysis tech-
niques is found in Refs. [47][97][17] and [87].

FLP arrays Fast camera

Il agnetic probes :
- B-dot probe
- Movable Rogowski

dx B etractable sectors

Figure 3.5: Overview of the main diagnostics installed on TORPEX.
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SLP - Slow Langmuir Probe

It consists of 8 cylindrical pins, mounted in a comb-like structure and vertically
separated by 1.8cm. SLP can be moved radially in the range —14cm < r < 14cm,
and turned around its axis with an arbitrary angle. SLP is mainly used to measure
density, electron temperature and plasma potential profiles over the poloidal cross-
section. In conjunction with other probes, installed at different toroidal position, it
is used to measure the parallel wave-number of plasma fluctuations [80]. When used
in the swept voltage mode, the maximum time resolution is ~ 500us.

Figure 3.6: SLP
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FLP - Fast Langmuir Probe

It consists of 3 arrays of 11 pin pairs each, located at the top, bottom and midplane
(on the low-field side) at fixed positions. The distance between tips in the same pair
is Ilmm, and the pairs are spaced by 8mm. The probe has been designed to measure
plasma fluctuations in the edge region [80]. Due to the AC (capacitive) coupling,
only the fluctuating part of the signals is measured by a dedicated electronic module,
with the advantage of a broader bandwidth with respect to the other probes.

l||l||||||l

//l)

Figure 3.7: FLP
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GLP - Gradient Langmuir Probe

GLP includes 8 pins mounted at different positions along the minor radius, with a
relative spacing varying between 0.5cm and 1em. It is fixed, installed on a horizontal
port. GLP is used to measure the gradients of the plasma parameters along the
radial direction around the position r = 16cm, at which FLP is measuring. The
pins are made by thin rings wounded around the ceramic support. The same design,
successfully tested first with GLP, was used later on as basis for the design of the
HEXTIP and TWEEDY probes.

Figure 3.8: GLP
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TWEEDY - Two-Dimensional probe

It consists of a 4 x 3 matrix of Langmuir probes, separated by 1cm radially and 1.8cm
vertically. It is used for local, two-dimensional measurements of plasma profiles and
fluctuations. The pins have the same geometry as the GLP probe. It can be moved
radially in the range —19cm < r < 19cm at the midplane, and turned around its
axis.

Figure 3.9: TWEEDY.
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MOANA - Monogrid Omnidirectional ANAlyser

It is a simple gridded analyser, made by a single copper grid wrapped around a
tungsten electrode. The grid is used to select only one class of particles, i.e. ions
or electrons, that are collected on the electrode. The particle energy distribution
function is calculated from the derivative of the measured ion or electron current as
a function of the sweep voltage applied to the collector [47]. The response of the
cylindrical probe head is insensitive to the orientation with respect to the magnetic
field. More details on MOANA and on the experimental results obtained from it
are presented in Chap. 6.

Figure 3.10: MOANA
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GEA - Gridded Energy Analyser

The GEA probe, developed in collaboration with P. Weber and K. Schombourg
[110][96], was initially intended to provide information on the ion and electron dis-
tribution function. The initial design includes four grids and the collector electrode,
enclosed in a Macor box (Fig. 3.11a-b). A small Langmuir probe monitors the
plasma parameters at the entrance of the first grid.

Several problems are identified during the tests, making the interpretation of the
data difficult. The presence of four grids reduces the total transmission factor to
< 1%, resulting in a signal-to-noise ratio below unit for ion distribution function
measurements. Along with the high level of density and, possibly, plasma poten-
tial fluctuations, this makes the measurements of the ion temperature practically
impossible. For electron distribution function measurements, the low transmission
factor makes it preferable to use simpler energy analysers, such as MOANA, instead
of the GEA.

(a) (b)
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Figure 3.11: Left: The GEA operating on TORPEX. Right:  principles of the
original four-grid design.
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HELP - Halo Edge Langmuir Probe

It comsists of 25 pins that form a crown - or halo - in the poloidal cross-section.
The distance of the pins from the walls varies between 2cm and 3.5cm to fit the
hexagonal grid of the HEXTIP probe. The probe may provide boundary conditions
for plasma parameters, for example to extrapolate the density profiles measured by
HEXTIP to the whole poloidal section.

"

Figure 3.12: HELP
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GEPPA - Gradients and Edge Parameters Probe Array

This probe is dedicated to measurements of gradients at the edge in the region from
which most of the observed plasma instabilities originate. The spatial resolution is
~ lcm in the radial direction.

Figure 3.13: GEPPA
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TRIP - TRansport Probe

Also referred to as flux’ probe, this probe is dedicated to measurements of the
electron temperature fluctuations (Sec. 8.1) and of the fluctuation-induced particle
flux (Sec. 8.2). It consists of four tips, aligned vertically and separated by 2mm,
measuring the ion saturation current and the floating potential. It can be moved
radially in the range —9cm < r < 19c¢m on the midplane [80].

Figure 3.14: TRIP
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HEXTIP - HEXagonal Turbulence Imaging Probe

HEXTIP is dedicated to the two-dimensional reconstruction of the density and float-
ing potential signals over a poloidal cross-section. It consists of 86 tips, arranged
on a hexagonal grid, with a spatial resolution is 3.5¢cm [67]. The bandwidth of the
HEXTIP electronics is < 20kHz.

Figure 3.15: HEXTIP
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Mach probes

Two Mach probes have been developed and installed, in collaboration with O. Pisat-
uro and C. Jan [76][51]. The Mach probe allows one to reconstruct the macroscopic
plasma flows from the difference of the ion saturation current measured by tips fac-
ing two opposite directions [47]. The probe head is a cube with a circular electrode
on each face, which allows one to measure the particle flows along three orthogonal
directions. The two probes have different sizes, to investigate the influence of the
probe dimensions on the measured flows [48].

Figure 3.16: Mach probe.
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Magnetic probes

TORPEX is equipped with a set of ’'Ohmic’ coils, which can be used to induce a
toroidal loop voltage, hence a plasma current (Chap. 2). A set of fixed and movable
Rogowski coils, designed and developed by G. Plyushchev, is used to measure the
total plasma current and its spatial profile (Fig. 3.17a-c) [30]. The small coil for local
plasma current measures has been recently installed on a 2D positioning system to
reconstruct the current profile in the whole cross-section. A B-dot probe (Fig. 3.17b)
is used to measure the magnetic field fluctuations [65]. The goal is to investigate the
changes in the character of instabilities when a plasma current is driven and closed
magnetic flux surfaces form [30].

Optical diagnostics

Different optical diagnostics are used to perform non-perturbative measurements
of plasma fluctuations. For example, a small telescope insertable into the plasma
can be used to collect light from a limited plasma volume of ~ lcm?® (Fig. 3.18a).
The telescope is movable along a horizontal chord at the midplane [85]. It can
be connected through an optical fiber to an OMA spectrometer for measuring the
spectral properties of the emitted light, with a temporal resolution < 50Samples/s.
For fluctuations studies, the fiber is connected to an external telescope providing line-
integrated measurements. Single photons can be counted using a photomultiplier
tube (Fig. 3.18¢c). The results, presented in [8], are preparatory for the development
of LIF methods on TORPEX. Line-integrated measurements have been also obtained
with photodiodes looking at the plasma from horizontal or vertical ports (Fig. 3.18c¢),
as reported in [76]. The same line of research may benefit from the use of an ultra-
fast camera®, with a speed of up to 250kFrames/s, recently purchased for a full 2-D
imaging of the plasma fluctuations and turbulence [30].

8Photron Ultima APX-RS.
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Figure 3.17: Magnetic probes installed on TORPEX: Fixed (a) and movable (¢)
Rogowski coil for measuring the total plasma current and its spatial profile. (b)
Three-dimensional B-dot probe for magnetic fluctuations measurements.
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Figure 3.18: Optical diagnostics in use on TORPEX: (a) a small telescope for local
measurements, (b) an ultra-fast camera and (¢) photodiodes and photomultiplier

detectors.
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Proposal for a 39GHz interferometer

One of the main limitations of Langmuir probes is that they do not provide an
absolute measurement of the plasma density. In fact, parameters as the effective
collection surface and electron temperature, both known with relative accuracy, en-
ters in the formula used to convert the measured current into density values [47].
An interferometer could provide the information required for an absolute calibra-
tion of Langmuir probes. Figure 3.19 illustrates a possible layout for a 39GHz in-
terferometer for TORPEX. Many elements are already available, such as a 100mW
Gunn-diode source, detectors, waveguide elements and power sensors. The emitting
and receiving horns could be installed on existing ports, looking at the plasma along
a vertical line of sight. The phase shift expected for typical TORPEX plasmas is
within the measurable range, if mechanical vibrations of the machine support are
limited.
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Figure 3.19: Layout of the 39GHz interferometer proposed for absolute density
measurements on TORPEX.
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Undesired effects of microwaves

Figure 3.20 illustrates some examples of the effect of the interaction between mi-
crowaves, probes and other metallic structures.

A prototype of the SLP probe, destroyed after a few days of operations, is shown
in Fig. 3.20a. By coincidence, the probe tip length was close to a quarter of the
microwave wavelength in vacuum, thus forming an efficient antenna [2]. The probe
was quickly damaged, probably due to the formation of standing waves along the
probe cables. A similar problem occurred to another probe with much smaller tips
(Fig. 3.20b), though the reason why the probe broke is still unknown.

A different problem occurred to the telescope. The plastic case surrounding the
telescope melted on one side of the box, and opaque structures formed on the mir-
ror, reducing the light collection efficiency (Fig. 3.20c). Also note the two metallic
screws, which were not electrically grounded. The presence of electrically floating
metallic objects must be avoided.

Finally, in Fig. 3.20d it is shown a detail of a microwave quartz window installed
at the end of the microwave transmission line (Fig. A.2). A small gap was present
between the window gasket and the flange, where arcs occurred repeatedly with a
permanent damage of the window.
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Figure 3.20: Effects of the interaction of microwaves at 2.45GHz with probes and
other metallic structures.
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Plasmas generated and heated by means of waves in the electron cyclotron (EC)
range of frequencies are widely used in industrial applications [36][58], in basic
plasma physics studies [28][91][98] and in tokamaks (e.g. to assist the plasma startup
[50][114]). A good understanding of the basic mechanisms that lead to absorption of
EC waves, ionisation of the neutral gas and sustainment of the plasma is important
in all these cases. A knowledge of the spatial profile and the dynamical behaviour of
the particle and heat sources as a function of magnetic field, background gas pres-
sure and EC injected power can lead to establishing the link between these control
parameters and the resulting plasma characteristics. For example, the possibility of
modifying the density gradient lengths is a crucial issue for the study of instabilities
and turbulence [28][102][98]. For fusion plasmas, the size of the device is usually
large compared to the wavelength of the injected waves. Approximations based on
WKB and geometrical optics apply [101], and the main features of the propagation
and absorption processes can be modelled satisfactorily [84]. This is not the case for
smaller devices dedicated to basic plasma physics or industrial applications, where
the typical dimensions are comparable to, or smaller than, the wavelength of the
injected EC waves. Despite the widespread use of low density, low electron tem-
perature EC plasmas, there exists little quantitative information on the ionisation
processes and on the spatial distribution of the particle and heat sources.

Most of the studies in this field have focused on the use of EC waves in industrial
applications [36][58]. Only a few studies exist for configurations, such as the one ex-
ploited in TORPEX, in which plasmas are confined in a toroidal vacuum chamber by
a mainly toroidal magnetic field, often referred to as simple magnetised tori [91][98].
These studies highlighted the importance of the upper hybrid (UH) resonance for
the absorption of EC waves. An estimate of the obtainable plasma densities and
temperatures on the basis of a power and particle balance was given [91]. However,
the ionisation of the neutral gas was entirely ascribed to a thermal electron pop-
ulation with a given electron temperature, without a clear distinction between the
background thermalised population and the suprathermal electrons resulting from
a possible, localised absorption of the microwave power. No systematic study of the
ionisation processes and the spatial dependence of the particle source was carried
out. This topic will be extensively investigated in Chap. 5.

In this Chapter, the basic mechanisms responsible for the ionisation of the neutral
gas are investigated. A method based on the modulation of the microwave source
to identify the microwave power deposition locations is presented. The link between
the source and external control parameters is shortly discussed, as an introduction
to the next Chapter. Examples of the average plasma profiles obtained in TORPEX
are given, in order to highlight the influence of the plasma production mechanisms,
although a more extensive discussion on the plasma profiles is given in Chap. 7.
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4.1 Basic principles of plasma production by EC
waves

4.1.1 Microwave injection scheme

The microwave injection scheme adopted on TORPEX is illustrated in Fig. 4.1.
Microwaves are injected from the low-field side (LFS), which provides a better ac-
cessibility to the machine for technical reasons®. At the output of the waveguide the
waves are in the ordinary mode (O-mode) polarisation. However, a first transition
from rectangular to circular cross-section, required to match the waveguide to the
vacuum chamber, already contributes in changing the original polarisation [86]. As
no focusing elements, viz. a microwave horn antenna [2], are present, microwaves are
actually injected into the vessel with a mixed polarisation, which can be represented
as a superposition of O-mode and extraordinary (X-) mode.

4.1.2 Plasma-wave interaction mechanisms

Before the beginning of the plasma discharge, only the naturally present free elec-
trons can be accelerated at the EC resonant layer, where f,; = fe., by single particle
interaction with the microwaves injected at the frequency f,;. If the energy of the
accelerated electrons exceeds the ionisation potential of the neutral gas, electron
impact ionisation occurs and new electron-ion pairs are created.

Once a plasma is formed, its dielectric properties determine the wave dynamics.
Depending on the model describing the plasma, different kinds of resonance can be
found. While in the frame of the fluid model the O-mode is not subject to any
resonance, the kinetic model predicts resonant acceleration of electrons at the EC
layer. However, only a fraction of the wave power is absorbed at the EC layer in
the experiments reported herein, due to the small value of k, p; [7], where p; is the
electron Larmor radius. The remaining fraction is reflected from the vacuum cham-
ber walls at the high-field side (HFS), leading to a loss of the original polarisation.
Both X and O-mode waves propagate back in the plasma. At the UH layer, where
fr = fun = (fo, + fg)l/Z, the X-mode encounters a fluid plasma resonance, the
refractive index tends to infinity and the wave E-field is strongly enhanced, leading
to significant particle acceleration. The details of the acceleration mechanisms are
not yet completely understood [58]. Non-linear mechanisms, such as parametric in-
stabilities excited by the injected pump wave, may play a considerable role [39][82].
Linear mode conversion into short wavelength electron Bernstein waves (EBWs) can
also take place [82][114][91]. The details of the mode conversion process, of the back
propagation to the HFS and of the subsequent absorption of the EBWs depend

!The distance between the toroidal field coils on the high-field side is too small to install a
waveguide for the 2.45GHz frequency.
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Figure 4.1: Illustration of the injection scheme adopted in TORPEX. Microwaves are
injected from the low-field side (on the right of the figure) with O-mode polarisation.
After multiple reflections on the vacuum chamber walls, we can consider that the
original polarisation is lost.



4.2. EXPERIMENTAL PROFILES 95

on the plasma profiles and are beyond the scope of this Thesis.

The dependence of f,, on the density through the plasma frequency f, leads to a
complication in the study of the dynamical behaviour of density, electron tempera-
ture and plasma potential (n, T, and V). The value of n for which f,; = fun(R)

is
2
(%)
R

where R, is the radial position of the EC resonance. If the density profile is known
from the experiments, this relation allows one to estimate the position of the resonant
UH layer. Equation 4.1 implies that density fluctuations reflect in fluctuations of
the position of the UH layer. In our experiments we see from the measured density
profile and relevant fluctuations that the UH layer spans typically a region of width
~ lem during a period > 200us. On the other hand, the time-scale that characterises
the ionisation can be roughly estimated as 1/v;, < 100us, where v;, is the ionisation
rate. Therefore, in the following we neglect density fluctuations, as their effects
are experimentally separable from those related to ionisation due to the different
time-scales.

r2f[ GHz|
8

nun(R)[107 m ™3] ~ (4.1)

4.2 Experimental profiles

Figure 4.2 shows typical background profiles of n, T, and V}; measured in Argon
and Hydrogen. The density profiles are steeper on the LFS for both gases. Higher
values of n are measured in Argon, where both the ionisation efficiency and the
particle confinement time are expected to be higher than in Hydrogen, due to the
higher ionisation cross section and ion inertia [70]. The single particle confinement
time is determined by the combined effect of direct losses along the magnetic field
and VB and curvature drifts (see Chap. 7). For electron energies ~ T, and typical
values of B,, it is estimated to be > 200 us (Sec. 7.3). The electron temperature
has similar values for the two gases, in the range from 3eV to 8eV, with values
slightly higher in Hydrogen. The profile of T, is also peaked on the low-field side.
A less pronounced peak is sometimes observed at the EC resonance. The profiles
of V}; are similar to those of n, except at the HF'S in Hydrogen, where an increase
of V}; does not correspond to an increase in the density. The typical experimental
conditions for the two gases and the corresponding calculated collision frequencies
and mean-free-paths are summarised in Tab. 4.1 and Fig. 4.3.

To investigate the role of f,, and f.. in the ionisation process, the microwave source
is modulated with square pulses between two values of power (Fig. 4.6). The time
intervals At, s and At,, correspond to the background plasma and to the perturbed
plasma. The analysis is performed over the time intervals 7o, and 7pign, chosen
within the perturbed and unperturbed plasma phases, respectively. Note that 7.,
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Figure 4.2: Typical profiles in Argon (left) and Hydrogen (right) plasmas. Here and
in the following discussion for Argon plasmas B, = 1mT and p, = 2x 10~ °mbar, and
for Hydrogen B, = 0.6mT and p, = 3.5 x 10 °mbar. The EC resonance is located

at R — Ry = —12.5cm, corresponding to a toroidal magnetic field By = 76mT on
the axis.
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Figure 4.3: Collision rates for a test electron with energy E. in Hydrogen (left) and
Argon (right) plasmas with n =5 x 10'%m=3 and 7, = 5eV. A neutral gas pressure
of 2 x 10~°mbar is assumed.
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Figure 4.4: Left: Density and frequency profiles on the axis z = 0 in Hydrogen for
three values of absorbed power. Right: Density profiles in Hydrogen at the edge
(LFS) for values of absorbed power > 2kW. n,, is the cutoff density for O-mode
propagation.

and Tpign can be only a fraction of the overall low and high phases defining the
duty cycle. The plasma density response to the modulation can then be measured
by means of electrostatic probes operated in the ion saturation regime and moved
on a shot-to-shot basis over the plasma cross section. For each spatial position,
the density response is characterised in terms of the average fractional variation,
An/n = (Nhigh — Now) /Mow, Where nyg, and ny,y, are the densities averaged over all
the time intervals 75, and 7p;g.

The optimisation of the 7, and 74,4, values is based on two requirements. First,
the ’low’ phase must be far enough from the injected power pulse in order for the
plasma to relax toward the stationary background state. Second, 7pig, must be
much shorter than the typical time scales characterising the macroscopic density
fluctuations (Chap. 7), in order to clearly distinguish the changes of n related with a
change of the power. The amplitude of the power pulse is chosen to be small enough
to avoid too strong perturbations of the background plasma and large enough to
have a well discernable response from the measured signals. For the experiments
reported in this Chapter, the modulation frequency is chosen in the range 0.5kHz to
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Figure 4.5: Radial density profiles at the midplane in Hydrogen for P,y = 1kW. The
EC resonance is at R — Ry = —12.5cm. Note the change in the slope of n around
the EC resonance, indicating the presence of a particle source at this location. The
increase of the density toward the LFS, on the right of the picture, is due to a second
source location, namely at the UH resonance (not shown in the figure).
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Figure 4.6: Illustration of the modulation technique based on square pulses of the
injected microwave power. The density in the background and perturbed states
results from an average over all the 75, and 744, intervals.
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Argon Hydrogen
neutral pressure [mbar] 2x107° 3.5 x 107°
B. mT] 1 0.6
connection length [m] 42 58
plasma density [m™>] 5 x 10 5 x 10
electron temperature [eV] 5 5
ionisation degree [%] ~ 10 ~ 10
collision type o [1072 m?] | Apsp (m] | o [1072Y m?] | A\pypp [m]
Coulomb 8.2 76 8.2 76
e/n scattering 10.7 5.8 1.87 20
ionisation 2.6 23 0.61 60

Table 4.1: Typical experimental conditions, collision cross-sections and correspond-
ing mean-free-paths for Coulomb collisions, scattering of electrons on neutrals and
ionisation for Argon and Hydrogen plasmas. Values refer to a test electron with
parallel energy equal to T.. A representative value of 50eV is assumed for the per-
pendicular energy of the suprathermals responsible for ionisation (cfr. Chap. 6).
Plasma density and electron temperature are average values. For comparison, the
length of a field line connecting the bottom to the top of the vacuum vessel (the
connection length) for R = Ry is reported.

1kHz, with a duty cycle between 5 and 20% and 7,4, ~ 20 us. The injected power
goes from 0.2 up to 5kW.

4.2.1 Absorption at the EC and UH resonances

Figure 4.4 shows the radial profiles of n and of the EC and UH frequencies at the
midplane for different values of absorbed power in Hydrogen plasmas. One can
clearly see that the UH resonance shifts toward the walls on the LFS as P, in-
creases. For P,,, > 1.5kW there are regions where the density is maintained above
the O-mode cutoff value (overdense plasma), and the maximum continues to in-
crease with the power. On the other hand, the density in the EC resonant region
is essentially independent of the absorbed power. The observed shift of the density
maximum to the LF'S as the injected power is increased, together with the change in
the slope of the radial profile systematically observed around R = R.. (an example
is shown in Fig. 4.5), confirm that the plasma is produced at both the EC and UH
resonances.

The fraction of power absorbed at each resonant location depends on the total
amount of power coupled to the plasma, hence on the density profile, due to the
intrinsic dependence f,, = fun(n). Fig. 4.7 shows the dependence of the fractional
density variation, An/n, obtained with the modulation technique described above
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Figure 4.7: Fractional density variation, An/n, with modulated EC power, measured
in Argon (diamonds) and Hydrogen (squares) on the midplane at R = R,. as a
function of the injected microwave power in the 'low’ phase. The error bars represent
the standard deviation of the values measured for all the microwave power pulses.

and measured on the midplane at R = R.., upon the injected power. No data are
shown for the UH layer because the layer is outside the region of measurement for
most of the microwave power values, especially for Argon. The results are similar
for the two gases. We observe that An/n is reduced for increasing values of to-
tal absorbed power, suggesting that the power is progressively absorbed elsewhere,
namely at the UH layer.

The density profiles also indicate that the UH resonance is located at just one ra-
dial position (for a fixed vertical position). Although in principle scenarios with
multiple UH resonant regions and cutoffs are possible (Fig. 4.8), the feature of a
single resonance along R is common to all the time-averaged profiles analysed so far
(Chap. 7).

Experiments in which the microwave power is modulated can also provide a 2-D
reconstruction of the ionisation profile. An example is shown in Fig. 4.9, for P,
changing from 0.2 to 1.8kW. The experiments in Hydrogen show a sudden, localised
increase in the density, coherent with the modulation of the microwave power. The
location where this occurs coincides with the position of the resonant UH layer esti-
mated from Eq. 4.1. For Argon plasmas the UH layer is outside the region accessible
by the probes and its position can only be inferred from an extrapolation of the mea-
sured density profiles. The observable peak of An/n coincides with the EC layer,
confirming that both resonances lead to ionisation. By using the boxcar-averaging
method described above (see also Sec. 8.4) one can also investigate the evolution
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Figure 4.8: Possible scenarios of radial profiles for the resonances (top) involved
in the propagation and absorption of waves injected at f = f,; and corresponding
density profiles (bottom). Top figures: f.; (dash), fe. (solid), fun (dot-dash), f,
(dot). f, is the frequency of the right-cutoff for X-mode propagation. The LFS is
on the right of the figures. Note the possible sequences of UH resonances and cutoffs
encountered by a wave propagating in the X-mode from the HFS to the LFS. Only
first scenario sketched (top left) seems to be fully compatible with the experimental
data shown in Figs. 4.4 and 4.5.
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Figure 4.9: Background density profiles (left) and measured fractional density
variation An/n (right) with modulated EC power (square pulses, modulation fre-
quency = 500Hz, duty cycle 20%) in Hydrogen and Argon (absorbed power between
Py = 0.2kW and 1.8kW). Dashed line: EC resonance; dotted line: UH resonance

extrapolated to the whole poloidal section.
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of T, and V}; during a microwave power pulse. Data for Hydrogen plasmas show
that T, and V}; remain almost constant in time over most of the poloidal section.
Around the EC and UH layers the electron temperature rises together with P,s (see
Fig. 8.11). Along with the dip observed in V};, this may be interpreted as a signa-
ture of additional suprathermal electrons accelerated at the resonant layers [100],
cfr. Chap. 6.

In addition to the processes described above, a contribution to the ionisation rate
can come from the particles in the tail of the thermal electron distribution:

Rth:/ﬂngn(R, 2)(0iz(V)V) 1. (R,2)dS2 (4.2)

where (2 is the plasma volume, the average (.. .) is performed over energies above the
ionisation potential assuming a maxwellian electron distribution with temperature
T.(R, z) and n, is the neutral density. This particle source has a spatial distribution
that depends on that of T, and n., and in general is much broader than the thin
layer where ionisation by suprathermal electrons accelerated at the resonant layers
occurs. The average values of T, that would correspond to the measured volume-
integrated density are in the range from 5eV to 9eV, i.e. about twice the measured
values averaged over the poloidal cross section. Therefore, the contribution of the
thermal population alone is insufficient to explain the observed plasma densities.

4.3 Summary and discussion

In this Chapter, we show that the power absorption at the EC resonance is in
general quite poor, and most of the wave power is instead absorbed at the UH res-
onance. Nevertheless, the presence of the EC resonance inside the vacuum chamber
is required to initiate the breakdown of the neutral gas. Experimental evidence
that suprathermal electrons, responsible for most of the ionisation events, are gen-
erated at both resonances is presented. The spatial profile of the particle source
is identified by measuring the plasma density response to a fast modulation of the
EC power, which allows one to separate the fast phenomena related to ionisation
from the slower mechanisms leading to the stationary background profiles. These
experiments can be used to establish a link between the ionisation processes and
experimental control parameters such as the vertical magnetic field, the injected
power and the geometry of the device. The influence of the particle source on the
density makes it possible to act on the profiles via the same control parameters that
are relevant for the ionisation processes.

From the experiments, we conclude that the electrons can experience an energy gain
sufficient to give rise to ionisation at both the EC and the UH layers, despite the
different nature of the acceleration mechanisms at the two resonances. The elec-
trons that acquire sufficient energy ionise the neutral gas within a few centimeters
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Argon | Hydrogen
Ores/Vine [8] | 5 x 1077 [ 1.5 x 107

Vp_l [s] 2 x 107 10~°

Table 4.2: Mean interaction time at the UH resonance for thermal electrons (7, =
5eV is assumed), evaluated from the experimental density profiles. v, is the collision
rate for momentum change.

around the two resonances, as highlighted by the experiments with modulation of
the injected power (see Fig. 4.9). Each resonant layer, then, represents a possible
particle source, and it is worth discussing the parameters that determine their rela-
tive contribution to the total source.

The number of ionisations from a particular layer depends on how many electrons
are accelerated and on their energy. The average energy gain of an electron at
fry = fun and f,y = fc. depends on the local value of the wave electric field and
on the average wave-particle interaction time, 7;,, [58]. Depending on the experi-
mental conditions, different mechanisms are responsible for a finite interaction time
[10]. For practical purposes we can set Tin; = mMin{0res/Vine, v, '}. Here v, is the
total electron momentum transfer rate and 9, is the length of the path of electrons
travelling along the magnetic field through the resonant region at the thermal speed
Uihe- The values of 7;,,; and ¢,.s are affected by the experimental parameters in a
different way for the two resonances.

At the EC layer the resonant condition f,r = fe.(R) is independent of the vertical
coordinate. The finite bandwidth Af,; broadens the resonant location along the
major radius, with |AR../Rec| < |Af,1/frr| ~ 1072, but does not affect 8,5, which
corresponds to the connection length between the top and the bottom of the vessel.
AS pes /Vine > v, ! at the EC layer the interaction time is determined by the colli-
sion rate, Ty, = v, " (cfr. Tab. 4.2).

For the UH layer several parameters, such as the bandwidth of the injected beam,
the vertical field B,, the density profile and the geometry of the vacuum vessel,
determine the value of §,s. Due to the dependence f,, = fun(n), with n = n(R, z),
Ores X Afrp/ frr, except in the limit Af,; — 0, when other mechanisms are respon-
sible for a finite interaction time [10]. For the magnetic field configuration used on
TORPEX, the value of §,., is inversely proportional to that of the vertical magnetic
field, 0,5 < B/B, ~ By/B,. The dependence on the density leads to an additional
broadening in the vertical direction. In summary, for the UH layer

Afry (100 o B
frf n 82 N=nqyh Bz

The width 4, is enhanced in regions where dn/dz — 0, which could explain the
peak of An/n observed in the Hydrogen case, where the UH layer is almost vertical

6’[‘68 X

(4.3)
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Figure 4.10: Average width of the resonant UH layer along the vertical direction,
Aryy, as a function of P, for Hydrogen (diamonds) and Argon (squares), evalu-
ated from an interpolation of the density profiles and assuming a bandwidth of the
injected waves Af,; = 20MHz .

(Fig. 4.9). For sufficiently high absorbed power the UH layer gets close to the vac-
uum chamber walls (Fig. 4.4). The density gradient increases, reducing the width
and the volume of the layer (Fig. 4.10). Assuming that the number of electrons
accelerated at f.; = fu, is proportional to the density inside the UH layer, this
mechanism may result in a decreased efficiency of the plasma production. More-
over, if the density in front of the microwave antenna (at the LFS) rises above the
cutoff value, the fraction of power coupled to the plasma becomes smaller as n in-
creases, giving a negative feedback action between P, and n. Both effects may
explain the observed saturation of the density with the injected microwave power
(Fig. 4.11). Thus the minor radius and, more generally, the size and the geometry
of the vacuum vessel are expected to influence the dependence of the density profile
upon the absorbed power.

The features discussed above highlight the coupling between the plasma production
processes and the density profile. Further evidence is provided by experiments with
relatively large toroidal field and microwave power, in which large amplitude oscil-
lations with frequency < 10kHz are observed in the absorbed power and the density
(Fig. 4.12). The two quantities are strongly correlated, with phase and amplitude of
the density oscillations which depend on the spatial location. The coupling between
density and absorbed power may be understood on the basis of a predator-prey
model [65]. To provide a better interpretation to this type of phenomena and, more
in general, to complete the study of the plasma production mechanisms, more infor-
mation on the particle source and its spatial profile is needed. This is the subject
of the next Chapter.
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Figure 4.11: Total number of ions (assuming n, & n;) as a function of the absorbed

power for Argon plasmas. Note the saturation of the total plasma particle content
for P, > 2kW.
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Figure 4.12: Example of plasma density oscillations, measured at two vertical po-
sitions for an Argon plasma, which show a strong coupling with the absorbed mi-
crowave power.
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The study of transport and associated plasma losses, which represents an important
part of this Thesis, is naturally coupled to that of energy and particles sources. Their
knowledge is also important for implementing numerical codes to simulate specific
experiments. By including as much information derived from the experiment as
possible, in fact, the number of unknowns quantities in the codes can be reduced.
A direct comparison between the code outputs, for example in terms of instabilities
and associated phenomena, and the experimental results would then be easier.
The mechanisms behind the plasma production by microwaves in the electron-
cyclotron (EC) frequency range were described in detail in the previous Chapter. It
is shown that the ionisation occurs primarily close to the EC and upper-hybrid (UH)
resonances, and that for sufficiently high microwave power the dominant source of
ionisation is the UH layer. The contribution to the total ionisation rate from elec-
trons in the tail of the thermal electron distribution function is negligible. However,
a quantitative estimate of the source profile is made difficult by the fluctuations of
the position of the UH layer, resulting from the coupling between the UH frequency
and the plasma density.

In this Chapter, an accurate reconstruction of the spatial profile of the plasma par-
ticle source in TORPEX is provided. The different contributions to the particle
source are quantified on the basis of a global particle balance, and the crucial role
played by the UH resonance is confirmed. A simple numerical code is developed
to estimate the local properties of the source profile as a function of adjustable
experimental parameters, namely the injected microwave power, the magnetic field
configuration and the neutral gas pressure. Finally, the results of the experiments
and of the numerical code are cast into a semi-empirical expression for the source
profile. The typical parameters for the experiments reported in this Chapter are
summarised in Tab. 5.1.
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5.1 Quantification of the different contributions
to the ionisation rate

Three mechanisms can bring electrons up to energies above the ionisation potential,
W, (see [78] and Chap. 4): wave absorption (i) at the EC resonance, (ii) at the UH
resonance and (iii) electrons in the tail of the thermal electron distribution function.
Here we look for an expression for the contribution of each of these three mechanisms
to the ionisation rate as a function of the absorbed microwave power.

Assuming that via the EC resonance a fraction of the absorbed power corresponding
to NecPaps goes into the acceleration of electrons up to a typical energy Ey, the
ionisation rate related to the EC channel is defined as

Pabs
— S (B 5.1
E;c T]zz ( f ) ( )

R = nec(Pabs)
Here 7n{¢ is the number of electron-ion pairs created by each suprathermal electron.
Similarly, at the UH layer

U Pabs U u
R = 1= el Pass)| Ty () (5.2)

i.e. it is assumed that the microwave power is transferred to the plasma via the EC
and UH channels only. In general, £ # E}‘h due to the different physics involved
in the acceleration process at the two resonant layers [78]. The ratios n**/ E}fh and
nss/ E¢ represent the ionisation efficiency per unit energy acquired by the electrons
accelerated at the UH and EC layers.

The next step consists in deriving a convenient expression for 1.. = Nec(Paps). We
define An/n as the normalised density increase associated with an increase of the
absorbed microwave power, AP,;,. Based on the data shown in Fig. 5.1, at the
EC layer we can take An/n o< AP,ps/Pups. Assuming that An oc R and that

gas ‘ Argon Hydrogen
neutral pressure pyqs [107° mbar] 2 3.5
Position of the EC resonance, R — Ry [cm] | —12.5 —12.5
By on the axis [mT] 76 76

B, [mT] 1 0.6
plasma density [10*® m™3] <10 <3
electron temperature [eV] 5 5
plasma potential [V] <20 <20

Table 5.1: Typical conditions for the experiments reported in this Chapter.
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Figure 5.1: Measured An/n at the EC resonance for z = 0 as a function of

AP,ps/ Paups. The microwave power was modulated with square pulses (modulation
frequency = 500Hz, duty cycle 20%).

nf;’Uh(Ef)/E;C’“h does not depend upon P (see Sec. 5.2), we find from Eq. 5.1

Nee(Paps) = const. X nAP]Zabs (5.3)
abs

Note that both n and AP,;, are unknown functions of P,s. The dependence of 7.

upon P, can be experimentally reconstructed, as shown in Fig. 5.2. The complete

empirical relation 7., = 7Nee(Paps) must account for the fact that at the breakdown

all the power is absorbed at the EC resonance but, as the density increases, the

ionisation occurs preferentially at the UH layer. We put

nec(Pabs) = To + (]- - 7700) €xp (_ P;bs) (54)

where 1), is the fraction of power absorbed at the EC layer for P,,; — oo. The
parameter v can be interpreted as a characteristic power value above which the
efficiency of the EC channel starts decreasing. The validity of the expression for
Nec(Paps) proposed in Eq. 5.4 is confirmed by a least mean square fit of the experi-
mental data (Fig. 5.1).

In addition to the ionisation associated with the two resonant regions we have to
include the contribution R from electrons in the tail of the thermal distribution:

R = /Qngn(R, 2) (0::(V) V)1, (R,2) dS2 (5.5)
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Figure 5.2: Estimate of n..( Pups) from Eq. 5.3. Data from Argon (top) and Hydrogen
(bottom) plasmas on the midplane at the EC resonance. The solid lines represent
a fit based on Eq. 5.4. The error bars represent the standard deviation from the
ensemble of microwave power pulses.

Here Q is the plasma volume and the average (...)r.(r..) is performed over energies
above W;,, assuming a Maxwellian distribution with temperature T.(R,z). The
neutral density, n,, is assumed to be uniform.

By summing the three contributions, we obtain for the total ionisation rate

Pa S
R;, = R™" + Py, {04 + [Bexp (— fyb )} (5.6)

where we have defined

ec uh uh ec uh
niz niz niz 771'2 niz
— e — 7 = (1 -1y - == 5.7

Under stationary conditions the global particle balance can be written as Ny /7, =
R;., where Ny, is volume-integrated density and 7, is the average particle confine-
ment time. We assume that 7, does not depend explicitly on the injected power
[70]. The value of 7, can be estimated as the characteristic time of the density decay
after the shutdown of the microwave source (Sec. 7.3.1). For practical convenience,
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a single time-constant is used here. The results do not differ substantially from
what it is found with a more accurate analysis in Sec. 7.3. For our experimental
conditions we find 7, ~ 0.2ms (Hydrogen) and 7, ~ 0.4ms (Argon).

Equation 5.6 can be used to fit the data from a series of experiments providing
Niot = Niot(Paps), taking «v, § and ~ as fitting parameters. The contribution to Ny
from the thermal population, estimated from Eq. 5.5, can be neglected. The value
of N,y is obtained from the measured density profiles, extrapolated to the whole
poloidal section and integrated over the entire plasma volume. To vary P, the
injected microwave power is slowly ramped up from 0 to 10kW within the same
plasma discharge, while B, and py,s are varied on a shot-to-shot basis. The density
profile is measured by HEXTIP (Sec. 3.4). A constant T, = 5eV is assumed. Once
the parameters a and 3 are determined, the quantities n /E}”‘ and 7S/ B¢ can
be evaluated from Eq. 5.7. The condition 7"/ E;C’“h > 0 provides an upper limit
for 7, namely 7o, < a/(a + ). For the data presented here o < 3, and we can
approximate 7., /&~ 0, consistently with the data (Fig. 5.1). The experimental data
for Hydrogen plasmas and the results of the fits are shown in Fig. 5.3 and Fig. 5.4.
The dependence of Ny, on pges and B, for two characteristic values of absorbed
microwave power is summarised in Fig. 5.5. The strong influence of py,s on the
obtainable densities is clear, with the plasma production becoming less efficient for
higher pressures. As no clear dependence of 7, upon p,,s is observed, we conclude
that, for these operating conditions, the ionisation efficiency, 7;./Ey, is decreased
for higher neutral pressures. The dependence of N, on the vertical magnetic field
is weaker. In this case """/ E;}C’”h slightly increases with B,. However, 7, shows a
monotonic decrease, which can be ascribed to the enhanced direct losses along the
magnetic field lines. Both the plasma production and the loss rate are increased,

resulting in an almost constant total density.

5.2 Spatial profile of the particle source

To proceed with the modelling of the particle source profile, information on the width
of the region around the resonant layers where ionisation occurs, and its dependence
upon the plasma profiles and Fy is required. A simple numerical code based on a
Monte Carlo approach has been implemented for this purpose. The details on the
code implementation are given in Appendix C.

5.2.1 Simple code for estimating the source profile

The dynamics of an electron in the plasma depends on a number of events (scatter-
ing, ionisation, losses) that can be conveniently represented by cross sections. The
value of the macroscopic cross sections as a function of the particle energy are known
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of absorbed microwave power, P, = v (diamonds) and P, = 3+ (circles). The
parameter ~ is the power level above which the efficiency of the EC channel starts
decreasing.

from the background density profiles of plasma and neutrals. It is then possible to
calculate the relative probabilities that electrons experience a particular event after
travelling a distance Az. The ’life’ of the electron can be reconstructed from all the
events occurred from its generation to its loss. This representation of the electron
dynamics in terms of events, characterised by probabilities, justifies the use of a code
based on Monte Carlo techniques ([62] and references therein). By reconstructing
the ’statistical life’ of a large number of particles, and averaging over the ensemble,
one can obtain useful information on the system under investigation, especially for
problems that can not be solved analytically.
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Electron trajectories and background profiles

The trajectories of the test electrons, also called primary electrons, start at the
resonance position. The code simulates the dynamics of the test particles only in
one dimension, i.e. along a vertical path (direction z) in the poloidal plane for a
given radial position. The vertical path represents a projection of the real motion,
characterised by a velocity component parallel to the magnetic field and drifts in
the vertical direction. A finite tilt angle, 0, = atan(B,/B,,), is taken into account.
The experimental density and electron temperature background profiles are used.
For computational convenience, they are extrapolated to the whole poloidal section
with a boundary condition n = 0 on the walls. A uniform density profile is assumed
for the neutral gas.

As an example, we estimate the mean free path, A, of a test electron with Ey = 50eV
in a uniform plasma with n = 10'"m=3 and T, = 5eV. For any kind of event, we
define A = 1/no(v,T,), where v is the velocity of the electron. For an Argon plasma
is Ase,g = 8m, A;; =~ 380m, where A,. , and \;, are the mean free paths for scattering
on the neutrals and for ionisation. The length of a magnetic field line inside the
vessel for typical values B, = 1mT and B, = 76mT is about 40m. The mean free
path for Coulomb collisions, A cous, is smaller than A, 4, but these are small-angle
collisions and are not very relevant, as discussed below.

We conclude that scattering events dominates with respect to ionisation events.
The ionisation probability is quite small, and its cross section for Hydrogen is even
smaller than for Argon.

Collisions with charged and neutral particles

The rate for small-angle Coulomb collisions is higher than that for scattering on
neutrals. For this reason, Coulomb scattering is treated in the code as a ’continu-
ous’ process, thus allowing one to use a spatial grid step greater than M. cou. The
collisions on the neutrals have a probability distribution function for the scattering
angle, 0, equal to p(cosf) = 1/2. An interchange between perpendicular and parallel
energy can take place after a single collision with a neutral.

From these considerations, and from the fact that the energy slowing down is negli-
gible, it follows that Coulomb collisions play a minor role in the model. In practice,
they are neglected in order to reduce considerably the computing time.

Another important conclusion is that, as a consequence of the scattering on neu-
trals, the electron distribution function, f.(v), is isotropic, though most of the energy
absorbed from the injected waves goes into the perpendicular velocity.
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Figure 5.6: Results of the numerical estimates of 7,,/E; for Hydrogen plasmas.
The energy of the suprathermal electrons is extracted from a mono-energetic distri-
bution (circles), a maxwellian with temperature Ey (squares) and from a uniform
distribution between W;, and E; (triangles).

Code implementation

The code calculates the trajectories of suprathermal electrons for a given experi-
mental density profile, assuming a bandwidth Af,; = £20MHz for the injected mi-
crowaves. The test electrons start with perpendicular energies, Fy, extracted from
different test distributions (mono-energetic, uniform or maxwellian). The parallel
velocities are randomly extracted from a Maxwellian distribution with temperature
T.. Note that the acceleration due to the wave-particle interaction enters only in
this initialisation phase. The modelling of the acceleration mechanisms is therefore
by-passed in the code by ad hoc assumptions on Ey.

Starting energies < 100eV are used in the simulation. The upper limit of 100eV
has been estimated from measurements with a gridded energy analyser, see Chap. 6,
and from the fact that spectroscopic measurements in Argon provide no evidence
of doubly ionised ions. The cross section for double ionisation has a threshold of
40eV and increases slowly up to about 7% of the single ionisation cross section for
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a 100eV electron [113].

The code gives n"/E4" < 4 x 1073V~ for typical background profiles and a wide
range of energies Ey (Fig. 5.6). This is in excellent agreement with the results shown
in Fig. 5.3 and Fig. 5.4 for the UH layer, in particular for suprathermals charac-
terised by a maxwellian distribution, cfr. Chap. 6. On the other hand, there exists a
discrepancy for the EC layer, suggesting that the code does not model properly the
EC resonance, for which a different acceleration mechanism is at play [58]. There-
fore the results of the code are accurate in the limit of high absorbed power, when
ionisation at the UH layer is dominant.

In general, the particle source profile estimated from the code peaks at the resonant
locations and decays along z as a superposition of two exponentials with different de-
cay lengths (cfr. Fig. C.3). This feature is determined by the collisions on neutrals,
which mix parallel and perpendicular energies of the test electrons that have been
accelerated at the resonance, where they acquire primarily perpendicular energy.
An electron initially moving along B with a velocity v ~ vy, has a high probability
of ionising close to the resonance. After a collision, its velocity along B can go up
to v ~ (E;/m.)Y? > vy, therefore the next ionisation event will occur far from
the resonance.

5.2.2 Semi-empirical expression for the source profile

An analytical expression can be used to summarise the information obtained from
the experiments and from the simple numerical code. The normalised source profile
can be recovered by summing the contributions from the electrons accelerated at
different positions z’:

1 _(fi(RAZJ:)*frf>2 12—z 1z )
ri(R,z) = a /e rf X [e A 4 Ae A2 |dz (5.8)
where the index ¢ indicates either the EC or the UH layer and G is a normalisation
factor such that [, >, 7i(R,z) dQ = 1. The first term in the integrand models the
resonance condition. The terms in square brackets come from the finite mean-free-
path of electrons accelerated at (R, z’) and travelling for a finite distance before they
ionise a neutral. The parameters A, Az; and Az, whose physical interpretation is
given in Appendix C, are determined by means of the numerical code. An example
of the calculated particle source profile is shown in Fig. 5.7. If the density profile is
known, Eq. 5.8 allows one to retrieve the normalised spatial profile of the particle
source. More quantitative information on the ionisation rate is based on the knowl-
edge of 7,, required to quantify R*" and R® and to rescale the normalised profile.
If this information is available, the particle source profile can finally be expressed as

S(R, z) = ngn(R, 2) (01(v) V)1 (r2) + R Tec(R, 2) + R ryn(R, 2) (5.9)
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Figure 5.7: Particle source profile, output of the simple numerical code (left) and
reconstruction based on Eq. 5.8 (right) for a Hydrogen plasma.

5.3 Summary and discussion

The particle source profile and its dependence on the experimental conditions have
been investigated in the EC wave produced plasmas of TORPEX. A method is
proposed to quantify the contributions to the global ionisation rate for different ex-
perimental conditions. The results show that the main contribution to the particle
source comes from suprathermal electrons generated at the EC and UH resonant
layers, as the electrons in the tail of the thermal distribution give only a negligible
correction to the total ionisation rate. To confirm the role of electrons with different
energies in the ionisation processes, information on the electron distribution func-
tion is required, which is the subject of the next Chapter.

A simple numerical code has been developed to get information on the local prop-
erties of the particle source, taking as input the experimental density and electron
temperature profiles. The normalised plasma source profile can thus be estimated
as a function of experimental parameters such as the neutral gas pressure and the
vertical magnetic field. The code results are accurate for sufficiently high absorbed
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power, i.e. when most of the ionisation occurs close to the UH resonant layer. More
theoretical and experimental investigations on the detailed acceleration mechanisms
at play at the EC resonance are required to improve the numerical simulation.
The two-dimensional profile of the particle source is reconstructed on the basis of the
available information and a semi-empirical expression is proposed. This expression
can be included in numerical codes simulating the plasma dynamics, viz. the fluid
code ESEL [34] which is recently being adapted to the TORPEX experiment [67].



Chapter 6

Measurements of the electron
energy distribution function

83
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The energy distribution function (EDF) provides the most exhaustive information
on the behaviour of a plasma. In practice, plasmas are often assumed to be in a
thermodynamical equilibrium state and maxwellian EDFs are adopted to describe
the ion and electron populations. This assumption may not be justified in devices
where the plasma is confined for a time much shorter than its typical relaxation
time-scales, or when additional sources of heat and particles are present. An EDF
far from the maxwellian may affect the estimates of important quantities such as
collision frequencies, instabilities growth rate and reaction rates. Moreover, in prac-
tice, the knowledge of the shape of the EDF is the basis for the interpretation of
many diagnostic signals [47]. Examples of devices where non-maxwellian EDFs are
commonly found include plasma-processing reactors [36] and tokamaks, in which the
plasma can be heated by externally launched waves, e.g. electron-cyclotron (EC)
waves [9][54][42]. Strongly non-maxwellian EDFs can also be expected when the
plasma is produced and sustained by EC waves [36][58].

Experimentally, different methods are available to measure the EDF. Techniques
based upon polarisation spectroscopy [29] and D, light emission [42] can be used
in tokamaks. In colder plasmas, the most widely used techniques are based on elec-
trostatic Langmuir probes [47][22]. The EDF is derived from the derivative of the
current measured by the probe with respect to the sweep voltage. However, the
accuracy of the method may be affected by a number of factors, such as a non-
saturating ion current for a large, negative probe bias voltage ([37] and references
therein). To reduce the effect of incomplete ion saturation, and improve the deter-
mination of crucial parameters such as the plasma potential, on TORPEX we use
an electrostatic energy analyser to characterise the electron EDF'.

This Chapter describes the results of the EDF measurements performed on TOR-
PEX to conclude the investigation of the plasma production mechanisms, and the
resulting particle source term. The goal is to relate the local properties of the
electron EDF in TORPEX with the plasma production mechanisms. The possible
implications for a correct modelling of the particle source are discussed.
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Figure 6.1: The MOANA probe installed on TORPEX.

6.1 Experimental setup

The results presented in this Chapter for the EDF are obtained by means of an
electrostatic energy analyser (EEA). The basic idea behind EEAs is to filter and
measure particles depending on their charge and energy [47]. We focus here on the
measurements of the electron EDF. The current density measured on the collector
as a function of the grid voltage, V,, is

() = Q\/mze v [ Tl B) VE JE) i (6.1)

where f.(F) is the EDF of particles reaching the collector, m, is the electron mass,
q the elementary charge and n. the density in the unperturbed plasma. The term
T, is the grid transmission factor. Assuming a plasma potential V,; = 0, the EDF
in the unperturbed plasma is then f(F) o (7}, ‘/'91/2)_1 07 /0Vj,.

A picture and a schematic of the EEA installed on TORPEX are shown in Fig. 6.1.
The collector is made of a cylindrical tungsten electrode with diameter of lmm and
length of 5mm. The grid is wrapped around the collector holder, and the separation
between grid and electrode is 0.5mm. This design makes the probe response insen-
sitive to the orientation of the probe with respect to B, hence the name MOANA
(Monogrid Omni-directional ANAlyser). The probe can be inserted from the bot-
tom of the vacuum vessel, spanning a strip —20cm< z < 6.5c¢m, or horizontally at
the midplane, covering the range —8cm< r < 20cm.

The geometrical transmission factor of the grid can be estimated as (I, — dy)*/12,



86 CHAPTER 6. MEASUREMENTS OF THE EDF

0.18

= = Sh#19066 ... 19068
016k = sh#18987 ... 18992
0.14+

0.12

0.08

Transmission factor
o
=

0.06 -

0.04 -

0.02

Figure 6.2: Measured grid transmission factor, T5.(E), at two different locations,
corresponding to the EC (dashed line) and UH (solid line) resonance layers. The
energy of the electrons collected by the probe is here expressed as the difference
between the local plasma potential and the grid voltage, V. The strong dependence
of Ty, on the electron energy makes it crucial to include the measured 77, (E) in the
analysis.

where [, is the mesh step and d, the thickness of the wires. For MOANA is
l, = 12.5pum and d, = 5um, which gives a transmission of ~ 36%. In practice,
a different transmission factor is measured due to the different dynamics of ions
and electrons and the specific geometry of the probe. For the electron current it
is found experimentally that 7). ~ 8% when V, approaches the plasma potential.
In the previous estimate the dependence of T} on the particle energy is neglected.
Particles with low parallel (to B) and high perpendicular velocity, i.e. with a large
Larmor radius compared to Iy, will be lost on the grid with higher probability than
particles with a dominant parallel velocity. If the collector and grid electron cur-
rents, j. and j,, are known, then T} can be estimated as T¢. = j./(j. + j,). Note
that improper assumptions on the ion component of j, [37] may result in an in-
accurate estimate of T).(F), which mainly leads to uncertainties in the estimated
densities. The measured T7.(E) confirms that high energy particles may be collected
with lower efficiency, see Fig. 6.2.

For 5 < V,; <20V, to measure a full EDF the grid voltage is swept from —100V to
+40V with a triangular waveform at a frequency of 330Hz. A fixed bias voltage of
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Figure 6.3: Density, electron temperature, plasma potential and particle source
profiles. The thick, white lines represent the EC (dashed) and UH (dash-dotted)

resonarces.

+40V is applied to the collector. As for standard Langmuir probes, an average I —V
curve can be recovered by averaging over multiple sweep periods and, possibly, over
different shots. This average curve, corrected for the measured T:.(FE), can then be
differentiated to obtain f(FE).

6.2 Measurements of the electron EDF

The results shown hereafter refer to Hydrogen plasmas obtained from a base pressure
of 6 x 107 %mbar with an injected microwave power of ~ 400W. The time-averaged
profiles of n, T, and V,,; are shown in Fig. 6.3. A toroidal magnetic field of 86mT on
the axis and a uniform vertical magnetic field of 1.2mT are used. The positions of
the resonant layers are highlighted with dashed and dash-dotted lines, and the par-
ticle source is estimated following the procedure described in the previous Chapter,
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Figure 6.4: Collector current amplitude, in arbitrary units, during a pulse of the
injected microwave power (shown on the right) along an horizontal chord at the
midplane. The dashed line indicates the position of the UH resonance, calculated
from the grid current. Note the small increase with respect to the background value
of j. at r = 14cm after the pulse, lasting for ~ 150us.

see Eq. 5.9.

The temporal behaviour of the collector current for V, < —40V is shown in Fig. 6.4.
A positive voltage of +40V is applied to the collector. With this configuration,
the plasma density, hence the position of the UH resonance, can be inferred from
the grid ion saturation current, and electrons with energy > V,; + |V, | are detected
on the collector. The figure refers to discharges where short pulses of the injected
power (modulation frequency 1kHz, duty cycle 5%) are superimposed to a station-
ary level of &~ 400W. The data is taken along an horizontal chord on the equatorial
plane. Under these conditions, an increase of the measured T, is observed during
the pulses in regions close to the EC and UH resonances (see, for example, Figs. 8.11
and 8.14). However, this is not enough to explain the increase of j. by a factor ~ 5.
Such increase is instead ascribed to the enhancement of the suprathermal popula-
tion following the abrupt change of the injected power. This happens at positions
corresponding to the resonant UH layer, whose location evolves in time during the
pulse accordingly to the density evolution. The complete EDFs, measured without
modulation of the microwave power, are shown in Fig. 6.5. In the same figure the
results for regions corresponding to the EC and UH resonances are detailed. The
results from regions where no interaction between the plasma and the injected mi-
crowaves is expected to occur are also reported for comparison.

For practical convenience, the total distribution can be modelled by a linear com-
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bination of maxwellian distributions, each characterised by a weight a; and a tem-

perature T j:
fo(E)dE = ay, (E/T2,)"* exp (—E/T.x) dE (6.2)

For most of the plasma regions located on the low-field side with respect to the
EC resonance the EDF is well recovered by a bi-maxwellian curve. In these regions,
electrons accelerated at the UH layer are expected to be present due to the dominant
electron motion along B. The example in Fig. 6.6 shows that the temperature of
the two populations is well distinct, with the suprathermal being ~ 4 times the bulk
temperature. The density of suprathermals represents a few percent of the total.
Inside the EC layer, and in regions on the high-field side of the EC resonance, where
in principle there should be no suprathermals, a more complex EDF is measured.
Only for low energies, £ < 15eV, can it be represented by a single maxwellian. An
energy cutoff, above which the measured signals drop below the electronics noise
level, is observed for > 15eV. It is worth noting that the normalised EDFs do not
vary substantially when the background pressure, the vertical magnetic field or the
injected microwave power are changed. This suggests that the local plasma-wave
interaction mechanisms are not strongly affected by those parameters, in contrast
to the resulting plasma profiles.

More information on the dynamics of the suprathermal electrons can be inferred from
the analysis of the collector current signals. For sufficiently negative grid voltages,
when j. is dominated by the suprathermal electrons, j. exhibits a spiky behaviour.
An important parameter that can be extracted from the time series is the time delay
between spikes, 74. To evaluate 7, a threshold value, I, is chosen for the current.
The time delay is defined as the time interval between adjacent crossings of the
threshold. Crossings with positive and negative slopes are counted separately. The
number of crossings corresponding to different values of 7; can then be represented
in a histogram. For threshold values [;;, < o, where ¢ is the standard deviation
of the signal, the histogram peaks around 7; ~ 0.05ms for both the EC and UH
layers. This indicates the presence of small-amplitude oscillations with frequencies
> 20kHz. At the UH layer, a second peak becomes visible at 7; &~ 0.25ms when
Iy, exceeds o (Fig. 6.7a). This peak is associated with intermittent, high amplitude
spikes in the collector current. A peak at the same frequency, 1/7,4, is detected by
other probes, measuring density fluctuations, which are on the same magnetic field
line as MOANA (Fig. 6.7b). This feature is explained by the dependence of the
UH frequency on the density, fun, = (f2 + f7)'/?, where f. is the EC frequency
and f, = f,(n) is the plasma frequency. A confirmation is provided by discharges
where the microwave power is modulated with short rectangular pulses, thus forcing
a modulation of the density at the UH layer. The histogram shows a sharp peak
where 1/7, coincides with the modulation frequency (Fig. 6.7¢c-d).

These observations suggest that density fluctuations, leading to oscillations of the
UH resonant layer and modifications of the density gradient, may affect the wave
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Figure 6.5: Electron EDF ([a.u.], normalised to the local density) measured at the
midplane. The EC resonance is at r = —2.5cm. The UH resonance spans a region
from r = 8cm to r = 11lcm.

absorption efficiency [78], hence the acceleration of the suprathermals.

6.3 Summary and discussion

Measurements of the electron energy distribution function in TORPEX show that a
substantial difference exists between electrons accelerated at the EC and UH reso-
nances, the suprathermals from the UH layer being much more energetic than those
from the EC layer. This observation provides a strong evidence for the different na-
ture of the interactions at the two resonances. When averaged in time, the suprather-
mal population originating from the UH layer can be modelled with a maxwellian
EDF. However, on short time-scales (= 100us), it appears that suprathermal elec-
trons are ejected intermittently from the UH layer. A characteristic frequency can
be identified as 1/74, and corresponds to that observed in the density fluctuations.
A scan of the relevant experimental parameters, such as the neutral gas pressure, the
vertical magnetic field and the injected microwave power, has been carried out. The
measured EDF's do not show any systematic dependence on these parameters. This
is consistent with the observations that the average magnitude of the plasma param-
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Figure 6.6: Electron EDF measured at four different positions. The results of a least-
mean-square fit with a bi-maxwellian function is shown for the data from the UH
layer (r = 10cm). T¢ 4, and T, 4, are the temperatures of the bulk and suprathermal
components.

eters do not vary significantly for the different experimental conditions, though their
spatial profiles and the position with respect to the vessel can change substantially
[78]. These observations confirm the applicability of simple models for the plasma
particle source term, which can be simply based on the macroscopic, time-averaged
density and electron temperature profiles [77].

Beside its relevance for a complete characterisation of the plasma production proces-
ses, the possibility of measuring the EDF makes the interpretation of the experimen-
tal data more robust. For example, even a small fraction (< 1%) of suprathermal
electrons with a temperature of &~ 4 times the bulk temperature, may affect the
results of standard Langmuir probes. In practice, the standard assumption of iden-
tifying floating and plasma potential fluctuations fails, as the floating potential sig-
nals are dominated by the suprathermal population. Analysis of density fluctuations
deduced from measurements of the ion saturation current would also be affected if
the probe voltage is not kept low enough with respect to the suprathermal energy.
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Figure 6.7: Left: Histograms of the time delay between spikes in j. for shots without
(a) and with (c) modulation of the injected microwave power (rectangular pulses,
frequency 1kHz, duty-cycle 5%). Only data for regions where suprathermals from
the UH layer are expected to reach the probe are shown. The threshold level is
Iy, = 20. Right: Power spectral density of ion saturation current, without (b) and
with (d) power modulation, from a probe which is close to the UH layer. The probe
and MOANA are aligned along the same magnetic field line. The correspondence
between the frequencies of the peaks observed in the probe current and 1/7, indicates
a link between the dynamics of the suprathermal and fluctuations of the density.
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This Chapter discusses the basic properties of TORPEX plasmas in the simple mag-
netised torus configuration, used for the study of plasma instabilities and transport.
The Chapter is divided into three main parts.

In Sec. 7.1 I illustrate the properties of the time-averaged plasma profiles. The ef-
fects of a number of experimental control parameters, such as the injected microwave
power and the magnetic field configuration, are discussed. The goal is to vary in
a controlled way quantities of importance for the investigated physics, such as the
shape of the plasma profiles, their gradient scale lengths and the connection length of
the magnetic field lines. Section 7.2 provides an overview of the electrostatic plasma
instabilities developing in TORPEX plasmas. The specific experimental scenario
used in Part III to investigate transport phenomena is discussed in detail.

Apart from plasma instabilities, flows associated with the creation of the pseudo-
equilibrium are responsible for the intermediate time-scales characterising the macro-
scopic plasma dynamics. This subject is discussed in Sec. 7.3.
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7.1 Time-averaged plasma profiles

This Section presents the time-averaged plasma profiles obtained under different
experimental conditions. In the following, I refer to the time-averaged profiles as
the background profiles, on top of which other phenomena, such as the development
and the propagation of instabilities, can be present. It should be noted that there
are cases for which this operational definition may become less meaningful and even
misleading, in particular when the amplitude of the fluctuating quantities is com-
parable with the mean value of the corresponding background profiles.

As a first example, the profiles of density, electron temperature and plasma potential
obtained from Hydrogen with a neutral gas pressure of 6 x 10~>mbar and an injected
microwave power of 400W are reproduced in Fig. 7.1. The currents in the toroidal
and vertical magnetic field coils are I;y = 380A and I,; = 60A, corresponding to
B, = 76mT on the axis and B, = 1.2mT. With these parameters, a relatively good
up-down symmetry is achieved (see Section 7.1.2).

The density is peaked on the LFS of the EC resonance, with a maximum value
slightly higher than the calculated value n,;, defining the position of the UH res-
onance, given in Eq. 4.1. The electron temperature has a similar behaviour. It is
almost constant at 7T, ~ 5eV in the region between the two resonances and drops
to < 1.5eV in the outermost regions on the LFS. Similar considerations hold for the
plasma potential.

The gradients of all the three quantities, hence of the plasma pressure, have a max-
imum on the LFS. The same region is characterised by a ’bad’ curvature of the
magnetic field, relatively to the destabilisation of plasma instabilities [80], and by
the maximum of the particle source profile.

7.1.1 Plasma confinement principles and pseudo-equilibrium
formation

Simple magnetised tori, such as TORPEX, are characterised by ’open’ magnetic
field lines intersecting the vessel walls. Therefore, the plasma confinement provided
by the magnetic field topology is poor, in contrast to fusion-oriented devices.

The confinement principles and the mechanisms leading to the formation of a pseudo-
equilibrium! for TORPEX plasmas have been investigated in [70], where a global
model, including the effect of the vertical field on the plasma losses, is developed.
Two main loss terms are identified. The first term accounts for the direct losses
along the open magnetic field lines. The second term is related to the E.; x B fluid
drift, where FE, s is a vertical electric field that arises as a consequence of the charge
separation induced by the VB and curvature drifts [72]. The friction provided by

T call it pseudo-equilibrium to differentiate it from a magneto-hydrodynamic equilibrium, that
can not be achieved in simple magnetised tori [92].
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Figure 7.1: Plasma density, electron temperature and plasma potential profiles for
a typical Hydrogen plasma. The density measured by HEXTIP is also shown.

Coulomb collisions limits the acceleration parallel to B. Other loss terms, such as
recombination, are neglected. The two loss mechanisms have a different dependence
on the pitch angle of the magnetic field. An optimum value for the pitch angle, which
results in a maximum confinement time, can be derived from the theory [70][67] and
compared with the experimental results, cfr. Section 7.3.3.

Once this pseudo-equilibrium is formed, the fluid drifts characterising inhomoge-
neous plasmas embedded in a curved magnetic field [32] affect considerably the
macroscopic plasma profiles and dynamics. The dominant drifts are the £ x B
drift, due to a non uniform plasma potential, and those due to the curvature and
the gradient of the magnetic field.

The E x B drift velocity, v,z = (E x B)/B?, can be calculated if the plasma
potential profile and the magnetic field are known (Fig. 7.2). The curvature and
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Figure 7.2: FE x B velocity pattern (left) and speed magnitude (right) for the profiles
shown in Fig. 7.1.

VB drifts are cast into a drift velocity, v, [32]

1 pL €,
=——bHxV
Y gn B~ pL+ gn B Ry

(7.1)

where €, is the unit vector in the vertical direction, z. Here b = B/B, Reyry 18
the curvature radius and the subscripts || and L refer to the direction of B. The
magnetic field, B ~ ByRy/R, is generated by currents in the external coils, thus
V x B = 0. The pressure tensor is split in its parallel and perpendicular components,
P =p,(L—bb)+p;bb (I is the unit tensor).

In total, the drift of a fluid element is vy, 5 + v, Other contributions, such as the
polarisation drift v, = m./qB*dE/dt, are found to be negligible. The direction of
v, in a poloidal cross section depends on the sign of the charge, ¢, i.e. is opposite
for ions and electrons, with vg < v4.. For a 'positive’ toroidal magnetic field?, ions
tend to drift upward and electrons downward, resulting in a vertical electric field
component. The total electric field, determining the charge-independent v, 5, can
be calculated from the measured plasma potential profile. For usual experimental
conditions there are regions where vy, 5 and v, are co-linear, namely on the HF'S,
and regions where they are opposed, on the LFS.

From Eq. 7.1 it can be seen that the presence of a finite B, implies a non-zero
projection of the drift velocity in the toroidal direction. This suggests that net
plasma flows could be present, although only indirect measurements are available
at present (Sec. 9.3).

2Looking the machine from the top, a positive B, goes in the counter-clockwise direction.
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In summary, ion and electron drifts depend on external parameters, such as the
magnetic field configuration, and on the local profiles of n, 7. and V,;. The latter are
self-consistently coupled to each other. The picture becomes more complicated when
other populations are considered, for example the suprathermal electrons accelerated
at the EC and UH resonances (Chap. 6).

7.1.2 Plasma profile shaping

It is possible to modify in a systematic way the plasma profiles by acting on ex-
perimental parameters such as the injected power, the magnetic field configuration
and the neutral pressure. In the following, the HEXTIP probe (Sec. 3.4) is used for
a qualitative estimate of the density profiles from ion saturation current measure-
ments. When a higher spatial resolution and a more accurate estimate, including the
information on T,, are needed, for example to evaluate the gradient scale-lengths,
the SLP probe is used instead. A comparison between the density profiles mea-
sured by HEXTIP and by SLP, i.e. taking into account the electron temperature
variations, is shown in Fig. 7.1. The two profiles look qualitatively similar, though
there are differences in the absolute value of the measured densities and the profiles
from SLP show more pronounced peaks. Possible reasons for this discrepancy are
inaccuracies in the value of the effective collecting surface used in the analysis. It
should be also noted that the geometry of the tip is different for the two probes.
A difference in the measurements done with cylindrical and ring-like tips is usually
observed on TORPEX. For example, ring-like tips seem to be more sensitive to fast
electrons, which results in an overestimated T, with respect to cylindrical tips.

Effect of the injected power

The effect of the injected microwave power, P, ¢, on the density profiles is shown in
Fig. 7.3. The measurements are done along an horizontal chord on the midplane.
Except for P,f, the other parameters are kept constant, with B, = 76mT on the
axis, B, = 0.6mT A and pges = 3.5 X 10~ 5mbar.

As mentioned in Section 4.2.1, the main effect of an increased absorbed power is to
make the density maximum shift to the low-field side (LFS). As a consequence, the
position of the UH resonance also shifts to the LF'S, until the profile is squeezed on
the walls. At this point, a further increase of the absorbed power leads to a local
increase of the density, while the volume-integrated density is almost saturated (cfr.
Figs. 5.3 and 5.4).

From the examples described above, it results that a careful adjustment of the in-
jected power makes it possible to modify gradually the profiles, thus the derived
quantities such as the gradient scale length, with an excellent reproducibility.
However, the tight coupling between the effective absorbed power and the density
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Figure 7.3: (a)-(b) Radial density profiles as a function of the absorbed microwave
power. Profiles in (b) are measured by GLP. (¢) Corresponding profiles of the EC
(dashed) and UH (solid) frequencies. The resonances occur where these frequencies
intersect the f,; = 2.45GHz line (dotted). n,, is the density cut-off value for O-mode
propagation.

itself does not allow us to consider P,; as a control parameter, independent of the
plasma state. To overcome this limitation, one should be able to control the ab-
sorbed power, rather than the injected power. The potentiality of this improvement
has already been demonstrated in TORPEX (see Appendix A.2.4), but a stable
operation of the EC system with this configuration can not yet be ensured for tech-
nical reasons, related to the non-linear relation between the voltage controlling the
amount of delivered microwave power and the measurements of the power.

Effect of the toroidal magnetic field

The amplitude of the toroidal magnetic field can be adjusted by imposing the cur-
rent, I;;, flowing in the toroidal field coils. The sign of Iy can be inverted, thus
changing the direction of the toroidal field. By fixing I;¢, the position of the EC
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resonance, R.., is determined. For standard operations, the EC layer is positioned
on the HF'S, so that the plasma can expand to the LFS in the remaining portion of
the vessel. The most commonly value set for I;y is 380A, implying R.. = —12.5cm.
Apart from the position of the EC resonance, hence of the plasma profiles, the
variations in I;; do not determine substantial changes in the values of the plasma
parameters. Referring to Fig. 7.4, when I;; is increased the profile shifts to the
LFS, following the change of R... For I;; > 440A, the maximum of the density
approaches the wall on the LFS, and a further increase brings the plasma too close
to the wall to have a valid experimental configuration.

At present, the range of variations of I; is limited by the fact that the EC resonance
must lie inside the vacuum chamber to initiate the discharge. The range of allowed
toroidal magnetic field amplitudes could be broadened by installing other microwave
sources at higher frequencies.

Effect of the vertical magnetic field

For a fixed value of I;¢, the amplitude of the vertical magnetic field, B, determines
the pitch angle of the total magnetic field. A larger pitch implies higher direct losses
along B, but also a better compensation of the particle drifts due to the curvature
and the gradient of B [70]. The vertical magnetic field is necessary to guarantee
the up-down symmetry of the profiles. For values above 0.5mT, B, has only little
effect on the background profiles. In practice, B, is determined by the current,
I,¢, flowing in the vertical, or poloidal, field coils. I,; can be arbitrarily adjusted
before the discharge, and the direction of B, reversed by inverting the polarity at
the output of the vertical field power supply.

Examples of density profiles for different values of B, are shown in Fig. 7.5. For
I,; = 0, the magnetic field is purely toroidal, and particles accumulate in the upper
half under the effects of the fluid drifts. As I, is increased, a better up-down
symmetry is achieved. For I,; > 40A, the profiles are symmetric. In practice, there
exist an upper limit, I;;* ~ 150A, above which the good toroidal symmetry is lost.
A further increase of I,¢, hence an increase of the pitch angle, reduces the top-to-
bottom connection length, making the ionisation efficiency of the primary electrons
so poor that no breakdown occurs.

A relevant parameter that is varied by changing I, is the connection length, L., i.e.
the length of a field line connecting the bottom to the top of the vessel. With a
toroidal magnetic field By = ByRy/R and a constant vertical field, the connection
length is a function of the major radius (Fig. 7.7).

Effect of the neutral gas pressure

The neutral pressure, pg,s, is, in practice, the least effective among all the experi-
mental parameters that can be used to act on the background profiles. This can be
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seen in Fig. 7.8, where an increase of pyqs by a factor > 3 determines no apprecia-
ble variations of the profiles. The neutral pressure is usually set within the range
2 x 1075 mbar < pyas < 2 X 10~*mbar. For lower pressures, the ionisation efficiency
is poor, and no breakdown occurs. For higher pressures, an overdense plasma forms
just in front of the microwave antenna, preventing the microwaves to spread around
the torus to form toroidally symmetric profiles. On the other hand, pyqs is an inter-
esting parameter to vary other important physical quantities, such as the collision
rate between plasma particles and neutrals.
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Figure 7.4: Density profiles from the HEXTIP probe for different values of the
toroidal magnetic field. The position of the EC (dashed) and UH (dash-dotted)
resonances are shown.
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Figure 7.5: Density profiles from the HEXTIP probe for different values of the
vertical magnetic field. The position of the EC (dashed) and UH (dash-dotted)
resonances are shown.
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function of B, for Hydrogen and Argon plasmas. Bottom: Volume-integrated density
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Figure 7.8: Density profiles from the HEXTIP probe for different values of the neu-
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are shown.
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Figure 7.9: Example of a power spectral density of density fluctuations (PSD, in
arbitrary units) measured at r =0, z = 0 for B, = 1.2mT.

7.2 Electrostatic instabilities in TORPEX

As shown in the previous Section, TORPEX plasmas are characterised by spatial
gradients in density and electron temperature, hence in the plasma pressure. This
non-uniformity of the plasma pressure provides a free energy source for drift waves
[45], characterised by a low frequency, f < w;./2m, where w;. is the ion-cyclotron
frequency. The presence of a curved magnetic field provides an additional drive for
the destabilisation of modes in regions where the pressure and magnetic field gra-
dients are co-linear [80]. The unstable modes may be characterised by a non-zero
phase between density and potential fluctuations, which results in a net particle and
heat flux. This fluctuation-induced flux can be higher than the classical flux due to
Coulomb collisions by several order of magnitude, and may contribute significantly
to the high flux level observed in the core of fusion devices [112].

The main features of the instabilities observed in TORPEX are described in this Sec-
tion, as part of the illustration of the experimental background for the investigation
of the transport mechanisms at play in TORPEX plasmas, presented in Part III.
Their complete study and characterisation are the subject of the PhD thesis of F.
M. Poli, see Ref. [79]. We focus here on a particular experimental scenario, with
B, = 76mT on the axis, B, = 1.2mT and P,y ~ 400W, for which the background
profiles are shown in Fig. 7.1. The role of a particular experimental parameter, the
vertical magnetic field, is also discussed to generalise the results.

A power spectrum from an ion saturation current signal, measured by the TRIP
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Figure 7.10: 2-D profiles of the amplitude of fluctuations with frequency around
4kHz and 12kHz. The plasma profiles are the same as in Fig. 7.12.

probe (Sec. 3.4) at the midplane at » = 0, is shown in Fig. 7.9. Two spectral
regions can usually be distinguished, centred around® f = 4kHz and f = 12kHz.
Figure 7.10 shows the two-dimensional profiles of the density fluctuations amplitude
for the two frequency bands. It can be seen that the fluctuations are maximum
where strong plasma pressure gradients, co-linear with the magnetic field gradient,
VB, are present. Only low-amplitude fluctuations are observed on the high-field
side, where the density gradient has opposite direction with respect to VB. Note
that another peak, with f = 2kHz, appears for B, < 1.2mT and lower values of
the neutral gas pressure. This mode is also localised in the region of high density
gradient, with an amplitude profile more centred on the midplane with respect to
the 4kHz mode. Examples of this experimental scenario are given later, in Part III,
where Hydrogen plasmas obtained from py.s = 3.5 X 10~ °mbar are studied.

The instability at f = 4kHz originates in the bottom region of the poloidal cross
section. From here, it is convected upward by the underlying E x B drift, almost
perpendicularly to the density gradient (Fig. 7.2). This is consistent with the fact
that, as a first approximation, the waves propagate with the electron diamagnetic
velocity, vge, in the plasma frame of reference, moving with respect to the labo-
ratory frame because of the macroscopic plasma drifts, dominated by the E x B
drift. Since at the low-field side? is vgxp > Vg, the net direction of propagation

3The exact values of these frequencies may change slightly for different experimental sessions.
I refer here to the typical values, which are usually reproducible within +1kHz.

4The velocities vy, p and v, are, in practice, almost parallel. Their relative direction may
change, depending on the local plasma profiles.
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Figure 7.11: Conditional frequency-wavenumber spectrum measured at the midplane
at r = 16cm [79].

in the laboratory frame is that of vy, 5 [80]. The mode amplitude is attenuated in
the upper half of the poloidal section, consistently with a loss of energy to higher
frequencies modes due to non-linear mode-mode coupling [81]. The wave-numbers
in the directions perpendicular® and parallel to the magnetic field, &, and Ky, have
been measured by means of two-points correlation techniques [3]. The conditional
frequency-wavenumber spectrum, measured by the FLP probe (Sec. 3.4) at r = 16,
z = Ocm, is shown in Fig. 7.11 and gives kpy ~ 20m~' for f = 4kHz. For the
same frequency, a parallel wavenumber, kj ~ 0.5m™", is measured by means of two
toroidally separated probes aligned on the same magnetic field line, following the
method described in Ref. [80]. For the mode at f = 4kHz, the condition kj/ky < 1,
typical for drift waves, is satisfied. The measured parallel wave-number is small but
finite, thus ruling out the possibility that the observed modes are in this case pure
interchange, or 'flute’, modes. Similar considerations hold for a mode at frequency
< 2kHz, which is measured for values of the vertical magnetic field < 1.2mT, and
is also identified as a drift mode [80].

The mode at f = 12kHz presents different features. From Fig. 7.10 we observe that
it originates on the low-field side around z = —10cm, then develops in a region of

®We define k., as the wavenumber perpendicular to B and to the density gradient, in the
direction which roughly corresponds to the propagation direction of the waves in the plasma frame.
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strong E x B flow, cfr. Fig. 7.2. The perpendicular and parallel wavenumbers are
~ 70m~! and ~ 0, suggesting that this mode is an interchange mode.

The coexistence of modes with different nature is a common feature for different
experimental conditions. In particular, a systematic dependence of the relative
strength of the modes is observed upon the value of B,, hence of the tilt angle of
the vertical magnetic field and of the connection length. For B, < 0.6mT only the
drift modes, with f < 5kHz, are observed. As B, is increased a broad-band peak
at ~ 15kHz, an interchange mode, appears and becomes dominant for B, > 1.2mT.
A further increase in B, makes its frequency to decrease from 15kHz to ~ 5kHz for
B, = 2mT, probably because the reduced connection length prevents the occurence
of unstable modes with extremely long parallel wavelengths.
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7.3 Intermediate time-scales of the macroscopic
plasma dynamics

This Section discusses the time-scales that characterise the macroscopic variations
of density, electron temperature and plasma potential other than the fluctuations
associated with plasma waves and instabilities, already addressed in the previous
Section. The particle confinement time, 7,, is investigated. Different methods are
presented, which provide information on local and global values of 7,,.

The confinement time can be inferred from local measurements of the density de-
cay time after a fast switch-off of the microwave power source. This method is
useful to get information on the spatial dependence of 7,, although in the inter-
pretation of the results one should take into account that measurements are taken
during a non-stationary plasma phase. The same technique can be applied to es-
timate the total plasma confinement time, i.e. the typical time scale over which
the volume-integrated density decays. A similar technique was used in [70], where
the measurements were limited to a few positions in a poloidal cross section and
a single decay-time constant was inferred. In reality, different mechanisms can si-
multaneously regulate the density decay, leading to a competition between different
time-scales.

More sophisticated techniques are based on the plasma response to a modulated
injected power. In this case the plasma is maintained in a stationary state by a
constant level of injected power, to which small perturbations are superimposed.
These techniques are extended to the study of the decay time of electron temper-
ature and plasma potential by means of a software-implemented boxcar-averaging
technique, described in Sec. 8.4. An overview of the results obtained with the dif-
ferent techniques is given below, when possible for the same target plasma. The
reference background plasma profiles are shown in Fig. 7.12. The injected power is
~ 200W, the toroidal and vertical magnetic fields are B, = 76mT, B, = 1.2mT,
and the neutral gas pressure is 6 x 10~°mbar.

A first calculation of 7, can be done considering the single-particle confinement
mechanisms in TORPEX. Neglecting the weak electrostatic confining forces, ions
and electrons flow along B toward the walls, but are subject to the VB and cur-
vature drifts. The confinement time corresponds to the average time-of-flight from
the source region to the walls. We associate a time-of-flight to each of the two drift
velocities, vyp and v, and evaluate 7, as their average. The mean distance that
a particle covers before it reaches the walls is taken as the minor radius, a, therefore

UvB Veurv \ 1
=0+ ) (7.2)

For T, = 5eV and standard values of the magnetic field we obtain 7, ~ 250us for
electrons.
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Figure 7.12: Plasma density, electron temperature, plasma potential and particle
source profiles for the Hydrogen plasma investigated in this Section.

7.3.1 Decay time analysis

We assume that the plasma density response to perturbations is governed by N
typical time constants, that we identify with 7,,;. The density decay after a switch-
off of the power source can be modelled as n(t) = ng Yo, ki exp (—t/7,,) , with
Zij\; k; = 1. Here the density is assumed to be simply proportional to the ion satura-
tion current, i.e. electron temperature variations are neglected (cfr. Appendix B.1).
The validity of this assumption is discussed in Sec. 7.3.3, on the basis of the available
information on the electron temperature dynamics.

An example of a raw density trace after switch-off of the microwave source is shown
in Fig. 7.13, from which we note that two distinct 7,’s can be identified, and the
normalised density decay is well fitted by

n(t)/no = o exp (—t/7,5) + (1 — ) exp (—t/7,5) (7.3)
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Figure 7.13: Example of a decaying density signal after switch-off of the microwave
power. Two distinct time-constants are identified.

where ng is the density in the stationary phase and the ’fast’ and ’slow’ time-
constants, 7, and 7,,, are introduced. This feature is common to most plasma
regions. The coefficient «, with 0 < o < 1, gives the relative weight of the two time
constants in regulating the decay. Just after the power switch-off the plasma is lost
at the rate 7, ¢, which is of the same order as the one derived from a simple estimate
of the particle drifts. After a few times 7, ¢, the higher time constant dominates the
decay.

Additional information is obtained by comparing the results of the typical global
and local decay times. In the first case the density is integrated over the whole
cross-section. In the second case the evolution of the local density, as measured by
a single probe tip, is considered. The dependence of 7, on experimental parameters
such as the injected power, the magnetic field configuration and the neutral gas
pressure has been investigated. The main results, presented in the next paragraphs,
are discussed in Sec. 7.3.3.
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Global decay time

To evaluate the global decay time, it is convenient to use data from the HEXTIP
probe, which provides the density profile and its temporal behaviour over most of the
poloidal cross section in a single discharge. The signals from HEXTIP are summed
up to get the time evolution of the volume-integrated density, Ny, (t). The fit of
Niot(t), normalised to its stationary level during the plasma discharge, with Eq. 7.3
gives the two time-constants and the parameter a. The procedure can be repeated
for different experimental conditions to investigate the dependence of 7, on specific
experimental parameters.

An example of a scan of B, is shown in Fig. 7.14. The integrated density and the
slow time-constant exhibit a clear trend with B,, with a maximum for B, ~ 0.5mT
(cfr. Figs. 7.6 and 7.21), while 7, ; and the parameter o are almost constant. A
very similar behaviour is observed for Argon plasmas, with a maximum of N;,; and
7p,s occurring for B, ~ 0.5mT.

The maximum of N,y = Ny (B,) can be understood by looking at the position of
the density centre-of-mass as a function of B,, shown in Fig. 7.6. When no vertical
magnetic field is applied, the density is shifted with respect to the centre of the
chamber, under the effects of the curvature and VB drifts. By increasing B, the
drifts are partly compensated by a motion of the plasma along B and the profile
is almost symmetric with respect to the midplane. When B, > .5mT the direct
losses along B are more and more relevant. The integrated density is decreased
and, consistently, the radial position of the centre-of-mass shifts to the high-field
side. The dependence of 7, on other parameters, such as the neutral gas pressure,
does not show any clear trend for this value of injected power (Fig. 7.14), which is
consistent with a negligible dependence of the plasma profiles on that parameter.

Local decay time

Instead of summing up the density signals to obtain N (t), the time-constants 7, s
and 7, s can be measured locally as a function of the position in the poloidal plane.
An example is shown in Fig. 7.15 for the same case presented in Fig. 7.12. This
exercise allows one to compare the profiles of the decay time with the profiles of n, T,
and V},;, and with the local values of derived quantities and geometrical parameters,
for example the collisionality and the connection length. We observe that the fast
time-constant dominates the density decay in regions characterised by high density
and electron temperature. At the low-field side the decay is dominated by the slow
time-constant, as can be seen from the fact that the parameter « — 1. The same
behaviour is observed on the high-field side with respect to the EC resonance, as
highlighted in discharges where the EC resonance is close to » = 0 and the plasma
can expand to the high-field side.
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Figure 7.14: Top: Time-constants characterising the density decay for different
values of the vertical magnetic field, B,. The parameter « (cfr. Eq. 7.3) is also
plotted. Bottom: Time-constants for different values of the neutral gas pressure,
Pgas- The magnetic field values are By = 76mT and B, = 0.6mT.
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Figure 7.15: Density decay times, in [ms], and parameter « (cfr. Eq. 7.3) measured
in a poloidal cross section for two values of toroidal magnetic field, By = 76mT
(left column) and By = 86mT (right column), corresponding to Iy = 380A and
I;y = 420A. The corresponding density profiles are shown in Fig. 7.4. The dashed
line in the upper figures indicate the position of the EC resonance.
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7.3.2 Analysis of the plasma dynamical response

The plasma response to a modulation of the injected power can be measured to
determine the time scales over which the plasma reacts to an external stimulus
[71]. The advantage with respect to the time-decay analysis is that the plasma
is maintained in a stationary state, to which small perturbations are applied. In
this Section I review the two possibilities that have been explored in TORPEX to
establish the transfer function between density and modulated injected power:

e The density response to small-amplitude sinusoidal perturbations with differ-
ent modulation frequencies is analysed in Fourier space.

e The plasma is perturbed with fast pulses, ideally representing 'delta’ functions
in time. The poles of the transfer function, representing the time-constants of
the system, are recovered by means of Laplace space analysis [61].

Fourier techniques
We start from the density continuity equation

on n

—=—+4S5 7.4

ot T (74)
where all the loss channels, including particle fluxes, are modelled by the loss term
—n/7, and the particle source, S, is taken into account. Equation 7.4 is linearised
by separating n and S in a stationary and a time-dependent part (subscripts '0" and
'1’). Since Ong/0t = 0 we obtain, after Fourier transformation for the time variable:

—twn; = —% + 51 (7.5)

where we have assumed that the perturbed density and source simply vary in time
as exp(—iwt). The transfer function n,/S; calculated from Eq. 7.5 is

s T

S l+4iwT (7.6)
and is characterised by a cut-off frequency = 1/7. Note that S; is a local particle
source term, which is a priori unknown. The only information we have from the
experiments is the amplitude of the power modulation, p;. We assume that S; can
be expressed as S; = a(z) p1, where the position dependent coefficient a = «(z) is
independent of the modulation frequency. Both the density and the power modu-
lation signals can be measured, thus 7 can be obtained by fitting the experimental
response of ny with Eq. 7.6. Examples of this procedure are shown in Fig. 7.16, from
which we note that this simple approach works only for regions close to the particle
source locations.
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Figure 7.16: Full circles: amplitude and phase of the measured transfer function
ny/S, for a sinusoidal modulation of the injected microwave power. The results
from two different positions are shown. Left: Close to the UH resonance the transfer
function is well fitted by the single time constant model (thick line), cfr. Eq. 7.6.
Right: Far from the resonances, a more complex transfer function is measured, that
cannot be represented by the simple model of Eq. 7.6.

A further hypothesis on the dominant transport mechanisms at play is required
for a correct analysis. For an extensive discussion, see Part III. We assume here
that density perturbations originating in the particle source region are subject to
convection only. Recombination occurs at rates < 10?s™!, and is neglected. In this
case, there exists a phase shift, A¢, between n; measured at a generic point and
the perturbed source signal, S;. The term A¢ is measured from the density and
injected power signals. We substitute n; — n; €/2? and from Eq. 7.5 we obtain

1 ST _ing

—=tw+—e
T nq

(7.7)
The coefficient @ can be calculated by imposing that the time constant 7 be real:
wny 1

nog [e—i Aqs]

X iw+aﬁe_m¢] =0=a=—
nm

(7.8)

The real and imaginary parts are indicated with ® and <. At this point the only
unknown in Eq. 7.7, 7, is given by

__ <§R[w+%e—m¢]>_l (7.9)

In practice, it is preferable to have many independent realisations of n;, namely
with different modulation frequencies and/or amplitudes.
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Figure 7.17: Example of Fourier analysis for estimates of the particle confinement
time and of the perturbed ionisation profile by means of Eqs. 7.8 and 7.9. Three
different modulation frequencies are used, 120, 360 and 720Hz. Another example is
shown in Fig. 9.6 for a different set of experimental parameters.

In addition to 7, the ionisation source profile is obtained. An example over a limited
region in the poloidal cross section is shown in Fig. 7.17 for the same data shown in
Fig. 7.15. There is a good agreement with the decay time method, although from
Eq. 7.9 only an average 7, can be deduced.

Laplace techniques

The poles of the transfer function between injected power and density response can
be deduced from the response to a step change of the microwave power [71][110]. In
practice the power is modulated with rectangular pulses, ideally representing 'delta’
perturbations in the time domain. The response can be averaged over many modu-
lation cycles to improve the signal-to-noise ratio.

The poles measured in this way can be used to estimate the natural time-constants,
such as the confinement time, that regulate the dynamics of the system.

In general, the results agree well with those derived from the Fourier space and
decay time techniques. As a disadvantage, it turns out that, for standard discharge
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lengths < 1.5s, the modulation amplitude must be high (of the order of 2kW for a
stationary injected power < 500W) in order to have a good signal to noise. More-
over, it is observed on TORPEX that a fast increase in the injected power originates
fast electrons (see Chap. 6), which makes it difficult to separate ion and electron
responses in the data. A signature of the presence of suprathermal electrons domi-
nating the probe response may be, for example, the fast initial drop of the measured
ion saturation current at the beginning of a power pulse.

To overcome the limitations of the ion saturation current measurements, the Laplace
analysis technique can be extended to the results of a software-implemented boxcar-
averaging technique. The details on the implementation of the boxcar method for
Langmuir probes data are given in Sec. 8.4. Here we focus on its application to the
investigation of the plasma dynamics time-scales, including the behaviour of elec-
tron temperature and plasma potential. A characterisation of the dynamics of the
suprathermal electron component is attempted.

This technique has two advantages. First, it allows a better measurement of the
density response, since the variations of T, are included. Second, a knowledge of the
electron temperature and plasma potential response provides more information than
the density response alone. Figure 7.18 shows an example of the time evolution of
the main plasma parameters following a short pulse of the injected power. The data
is taken in a region corresponding to the UH resonant layer. The time traces result
from an average over > 150 modulation cycles. The samples obtained in this way
can then be analysed to extract the poles of the plasma response for each specific
parameter. From Fig. 7.18 we observe that the plasma parameters vary on different
time-scales. The time constant characterising the density decay, 7, s = 300us, is
recovered.

More interesting is the response of the plasma potential and of the electron tem-
perature, which slightly increase after the pulse and decay considerably faster than
n. The increase of V},; is probably responsible for the fast decrease of the density
observed at the beginning of the pulse. The same feature is observed when the
density is estimated from the ion saturation current. The fast rise of the absorbed
microwave power would then perturb the local plasma potential, hence the electric
field, which in turn expels ions out of the UH layer. Note that a similar mechanism
is invoked to explain the density pump-out observed in tokamaks during strong EC
heating [116], although the issue is still debated and other explanations have been
proposed [111]]26].

The same analysis can be applied to reconstruct the dynamics of the suprather-
mal electrons. The details on the measurements of the suprathermals are given in
Chap. 6. Two examples are shown in Fig. 7.19. The results are compatible with
those presented in Fig. 7.18. The increase in the plasma potential and a first decrease
of n, followed by an increase and a decay with a time-constant 7, ; ~ 300us, are con-
firmed. From Fig. 7.19 it appears that the energy and density of the suprathermals
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Figure 7.18: Coupled Laplace analysis and boxcar-averaging technique for estimat-
ing the density, electron temperature and plasma potential relaxation time constants.
The three parameters vary with different time-scales. The time-constant for density
relaxation is comparable with that obtained from decay-time analysis. Left column:
Reconstructed signals. Right column: Signals variations after a pulse of the injected
power (thin, blue lines) and the best fit resulting from the Laplace analysis (dashed,
red lines). The injected power pulse, in arbitrary units, is shown for reference (thick,
green lines).
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Figure 7.19: Boxcar-averaging technique applied to data from MOANA to investi-
gate the dynamics of plasma potential, including the effects of suprathermal elec-
trons, measured at r &~ 10cm (left) and r ~ 5cm (right). The UH layer is at
r = 10cm. The traces show the density and temperature for the bulk (n,, Tein)
and for the suprathermals (ngup, T¢ sup), the plasma potential V,,; and mean energy
of the electron population. The injected microwave power, F;,;, is also shown for
reference.

increase during the power ramp-up, then decrease below the stationary value, which
is re-established on a time-scale comparable with 7, ;. As we move away from the
UH layer inside the main plasma these features are preserved, but the "bulk’” density
increase is much less evident, compatibly with the fact that ionisation mostly occurs
in a narrow layer around the resonances (cfr. Chap. 4 and Chap. 5). No clear result
has been obtained so far for regions corresponding to the EC resonant layer, where
the boxcar method fails due to the low density and low energy of the suprathermals.
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7.3.3 Discussion

The previous results show that simple measurements of the density decay time can
provide information on the macroscopic plasma dynamics as a function of experi-
mental parameters, such as the vertical magnetic field and the neutral gas pressure.
Other methods, namely a combination of Laplace analysis of the plasma response to
a modulated microwave power with boxcar-averaging techniques, are more suitable
when more complete information is needed, for example to investigate the simulta-
neous dynamics of n, T, and V.

Within the limits of each method, the results obtained from the decay time analysis
and from the Fourier and Laplace analysis agree fairly well. The density decay time
calculated from I, (Eq. 7.3) is usually smaller than that measured with the Laplace
analysis. A possible explanation is suggested by Fig. 7.19, where one can see that
T, decays faster than n after a perturbation. For practical convenience, an average
decay time, 79, is introduced as the time required to observe a density drop to 50%
of its original value, and therefore includes all the three parameters which appear
in Eq. 7.3. By noting that the decay time is actually estimated from [, o nTY 2,
neglecting 7T, variations leads to underestimating 7y ;.

On the basis of the measured local density decay time, the plasma can be divided
into two regions, characterised by values 71/, < .2ms and 71/ > .2ms:

e The first region corresponds to the main plasma region®, where the particle
source is located and n, T, and V; have their maximum values. The measured
T, = T, ¢ 1s almost constant.

e The second region corresponds to a source-free region, characterised by low
density and electron temperature, n < 5x 10m=3 and 7, < 2eV. The plasma
profiles are almost flat and the drift velocity low, which may suggest a ’stag-
nation’ of the plasma. In fact, here the typical confinement time is ~ 7, ; and
increases for decreasing n, T, and V.

These results are summarised in Fig. 7.20. They can be used for a comparison be-
tween the experiments and the predictions of a theoretical model [67], cfr. Sec. 7.1.1.
Note that the model is global and assumes uniform profiles, therefore the comparison
is made using the volume-averaged density and the average decay time. The theo-
retical model predicts a strong influence of B, on the confinement time, and weaker
variations upon parameters like pyqs and T.. An example of the dependence of 7/,
and Ny upon B, for Hydrogen and Argon is shown in Fig. 7.21. It can be seen that
B, has an influence on N;,; which is maintained for different values of the toroidal
magnetic field. The variations of 71/, with B, dominated by variations of the slow
time-constant (cfr. Fig. 7.14), are not systematic, as results when different values

6A complete characterisation of the different plasma regions is given in Sec. 11.1.2.
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of toroidal magnetic field are compared. The dependence on the gas mass and the
predicted inverse dependence of /5 on N, are not observed in the experimental
data.

In general, we note that inhomogeneities in the plasma profiles are common to all
the discharges analysed, while the model assumes spatial homogeneity. A model
including possible spatial variations of the plasma parameters should then be used
for more precise predictions. In conclusion, apart from the correlation with the
time-averaged density, electron temperature and plasma potential, the measured
71/2 does not show any unambiguous dependence on other quantities such as drift
velocity, pressure gradient, connection length and electron collisionality. Note that
all these quantities refer to the plasma before the power is switched off, and they
are expected to vary along with the density decay.

No further conclusions on the transport mechanisms at play in TORPEX can be
attempted on the basis of these results. Dedicated experiments and appropriate
experimental techniques are needed, as discussed in Part III.
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Figure 7.21: Relation between B., Ny and 71/2 used for a comparison with a the-
oretical model for the particle confinement time [67]. Data from Hydrogen (left
column) and Argon (right column) plasmas are presented.
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In this Chapter, I present the techniques that are used on TORPEX to measure the
particle transport and identify the basic mechanisms behind it. A major part of the
Chapter is dedicated to the measurement of the fluctuation-induced flux, performed
using analysis in the frequency domain, via standard Fourier methods, and in the
time domain. Despite the relative simplicity of the Fourier-based method, described
in Sec. 8.2, a correct interpretation of the data requires the simultaneous knowledge
of density and plasma potential fluctuations. In practice, the plasma potential is
recovered from measurements of the floating potential. Additional measurements
of electron temperature fluctuations, described in Sec. 8.1.2, are needed to relate
unambiguously the two quantities.

The second approach is based on a conditional reconstruction of the time-space evo-
lution of density, plasma potential and electron temperature (Sec. 8.5). It combines
the standard ’conditional average sampling’ technique (Sec. 8.3) with a software-
implemented boxcar-averaging technique (Sec. 8.4).

To gain more insight into the statistical properties of the transport, a method based
on the identification of plasma ’structures’ and their dynamics in real-space, devel-
oped in a previous Thesis work [67], can be used (Sec. 8.6).

The methods mentioned above are used to measure the flux related to fluctuations,
but they do not provide any information on the total fluxes. This can be inferred
by means of a technique, presented in Sec. 8.7, based on the plasma response to a
modulation of the injected microwave power.
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8.1 Measurement of electron temperature fluctu-
ations

By a convenient setup of the signals acquired on each tip, the TRIP probe installed
on TORPEX can be used as a triple probe [22][18] to measure electron temperature
fluctuations. The triple probe method is discussed in the next Sections, along with
an example of the results obtainable on TORPEX.

8.1.1 Triple probe method

A triple probe consists of three pins. Two tips, floating with respect to ground, are
connected to each other through a fixed voltage source (Fig. 8.1). Their voltages
are indicated as V1 (tip#1) and V'~ (tip#2), with AV = V*+ — V=, The third tip
measures the floating potential, V. Since V= < Vi < VT, a negative (electron)
current flows in tip#1 and a positive (ion) current in tip#2.

The analysis is based on the continuity of the current flowing in the two tips at
V=V*tand V=V~ (Fig. 8.2). The current in each tip, I; and Iy, is

vflylfv+
Il =41 — Ie,l e Tele (81)
VfLQfV_
Iy=1Iis—Ipe T/ (8.2)
where
Vir=Vaua=Vu, Lir=Ls=1;, I.1=1..=1 (8.3)

assuming that the tips are identical and close enough to each other. By imposing
I, = —1, we obtain:

2Ii v —vt _Vp-Vo

I = e fjl“e/e +€ fIl’e/e (84)
tip#l & - V' measure
tip#e @
Hp#3 L Vameasure

Figure 8.1: Layout of the tip connections used to exploit the triple probe method.
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Figure 8.2: Illustration of the triple probe method.

and, by replacing V- =V — AV

21 vi-vy _av
7 — e Te/e <1+e Te/e> (8.5)

Equation 8.5 can be simplified if AV > T./e. In addition, if the ion current does
saturate for a sufficiently negative probe voltage, Eq. 8.5 becomes [22]

vi-vg
2=e Te/e (8.6)
from which 7, can be obtained
e (VJr — Vﬂ)
T,=———= 8.7
log 2 (8.7)

The expression in Eq. 8.7 is commonly used to infer 7, from a triple probe [22].
However, the time-averaged T, values obtained for TORPEX plasmas from Eq. 8.7
are almost twice the average values given by SLP and TWEEDY. We identified two
main sources of errors [18]:

e The condition AV > T, /e is not fulfilled. The resulting 7. is underestimated.

e The ion current does not saturate (see Fig. 8.3). The resulting T, is overesti-
mated.

The first point can be accounted for by solving Eq. 8.5 iteratively. To address the
second point, the I-V curve for that specific probe must be known, in order to infer
the correct expression for I; = I;(V},). For the TRIP probe we have

Li(Vpr) = Lio (1+ 8 V) (8.8)
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Figure 8.3: Example of an I-V curve for TRIP probe (Hydrogen plasma).

with 3 ~ —0.01 — —0.2 for the experiments reported in this Thesis (Fig. 8.4).
By inserting Eq. 8.8 into Eq. 8.5 and taking /. ~ I, , one obtains

Vi-vp _Av.
2(1+8V,) = T (1 te Te/e> (8.9)

Equation 8.9 is used in this Thesis to evaluate 7, from the triple probe data, with
the approximation V,, ~ V + V= and an average value < § >~ —0.05 (Fig. 8.4).

Tests of the triple probe

The results reported herein refer to Hydrogen plasmas with p, = 6 x 10~ °mbar,
B, = 76mT on the axis, B, = 0.6mT and P,; ~ 300W. Different values of AV
are used, and the results compared for simultaneous radial scans of the SLP and
TRIP probes. The measurements are taken on the equatorial plane. Figure 8.5
shows the background density, floating potential and electron temperature radial
profiles measured by SLP. The average floating potential and electron temperature
measured by TRIP are also shown. There is an excellent agreement between the
two probes for all the values of AV, which is not the case when Eq. 8.7 is used to
interpret the data instead of Eq. 8.9.
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Figure 8.4: Histogram of the coefficient 3 for the TRIP probe for Hydrogen plasmas
and a number of different experimental conditions.

8.1.2 Examples of electron temperature fluctuation mea-
surements

Figure 8.5 shows the measured T, and 67, (time-averaged and fluctuations ampli-
tude) for the same experimental conditions reported above. The voltage difference
for the triple probe is AV = 24V. The electron temperature profile is in excel-
lent agreement with the one measured by SLP. The normalised fluctuation level,
estimated as the rms value of T,(t) for each discharge, is < 20% for all the radial
positions. The maximum of §7, is shifted to the LFS with respect to the maximum
of T,. These features are common to all the experimental conditions for which the
TRIP probe was used in the triple probe configuration. It should be noted that
the triple probe results may be sensitive to the presence of suprathermal electrons,
as the standard Langmuir probes. It is not possible to discriminate between the
contributions to 67, from the bulk and the suprathermals.
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Figure 8.5: Example of density, floating potential and electron temperature radial
profiles measured by SLP (blue circles), to be compared with the results from TRIP
for different values of AV (red, green, black symbols). The relative fluctuation level,
0T, /T,, is estimated as the rms of the time series.
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Figure 8.6: (a) Notation and layout of a three-tips electrostatic probe used to mea-
sure the fluctuation-induced particle flux. (b) With this notation the flux is positive,
i.e. in the direction of ér, when F, < 0. For practical convenience, in this Section
the axis z is inverted with respect to the standard notation adopted in this Thesis
work.

8.2 Measurement of the fluctuation-induced par-
ticle flux

This Section discusses the method used to measure the particle flux induced by cor-

related fluctuations of density and electric field [112]. For electrostatic fluctuations
(B1 = 0) the time-averaged particle flux is [4]
1

(Ty) = (n1v1) = B (n1 By ) (8.10)

Here n; and vy indicate the fluctuating part of the plasma density and of the fluid
E x B velocity, with F; the fluctuating electric field and (. ..) denotes a time average.

In a local slab geometry we put
v = Ul,a: ” éR, El = El,za B = Bs = BO (811)
where the x, z and s axes lie along the major radius, the vertical direction and the

toroidal direction, see Fig. 8.6. Therefore

El,z

B (8.12)

v = Viax =

In Fourier space, the time-averaged particle flux along z is given by

(Ty) = %{B;o F{ni E1.}o=0} (8.13)
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where F {.} indicates the Fourier transform in time and R{.} the real part. Intro-
ducing the convolution product, *, one obtains

1 oo
F{nlEl’z} = F{nl} * F{El,z} = % / dw'F{nl}(w — w’) F{ELZ}(w’) (814)
Note that in Eq. 8.13 we take the limit w — 0, corresponding to the time average,
and that f{n,}(—w’) = F{n1}*(v') as ny € R (* indicates the complex conjugate).
We obtain for the time-averaged flux:

M =R [ o fmy @) F{BL)) 8.1

The electric field fluctuations are related to plasma potential fluctuations, ¢,. The
electric field is derived from measurements of ¢; at two locations, separated by a
distance 2¢ = y, — y; (Fig. 8.6a). Assuming that y; and y, are symmetric with

respect to the origin y = 0, i.e. y; = € and y, = —¢, one can obtain the electric field
at y =0 as
—€,1) — t
Ei.(y = 0,1) = lim 2ld )2 (6 t) (8.16)
e— €

As F{E,} = —ik. F {¢:},

1 [>  —ik, .
C)=R(; [ a0 P} @) F o) .17
™ Jo BO
We introduce the following quantities:
e Cross-power spectrum:
Pn1<,01 = F{nl}* F{@Lz} (818>

e Coherence: .
= LN (8.19)

Tn
o V anl V P<,01<P1

e Phase angle a,,,:
an1<p1 = 4 PTL1<p1 (820)

By noting that

F{n}* F{@l,z} = Tnipn e’ omen V Prini /Py (8.21)

the definitions introduced above allows one to rewrite Eq. 8.17 in the form

—1 > . X
<Ff> = %{ 7 B, /0 dwik, Yragr € TN/ Py V Psoum} (8'22)
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From Eq. 8.22 we finally identify the spectral fluz, I'¢,,, such that

k. .
nyw dw = 7T_Bo Tnipy S (O‘nupl) V Pmm P(P1s01 dw (8'23)

represents the contribution to the fluctuation-induced flux of fluctuations with a
frequency in the range (w,w + dw). The spectral flux is at the basis of the combined
analysis of instabilities and the related flux. In practice, a direct evaluation of I'f,
from Eq. 8.23 is difficult, due to constraints on the measurable quantities and on
the probe geometry, which are discussed in detail here below.

Coherence between signals

From Eq. 8.23, the spectral flux is proportional to the coherence between density
and potential signals. In practice, a minimum coherence might be measured also for
physically uncorrelated signals'. A condition on the minimum acceptable coherence,
determined on the basis of the background noise level, should be set to consider the
data as representative of a physically meaningful signal.

Dependence k, = k,(w)

The wave-number k, = k,(w) must be known to quantify the spectral flux, Eq. 8.23.
Its value is usually derived from the cross-phase between two potential measure-
ments, A¢:

Ag(w)

k.(w) = 5 e (8.24)
where a bi-univocal relation k, = k,(w) is implicitly assumed. In practice, k, may
exhibit a spectrum of values for a fixed w. Statistical methods allow one to estimate
the wave-number-frequency spectrum [3], from which it is possible to check the
validity of Eq. 8.24.

When a finite k,-spectrum is considered, Eq. 8.23 should be modified by introducing
an additional integration over the £’s:

S(wlk,) 1 .
[pwdw = /dk; k;(w)Tw)y 7T_B() Vnrpr SN () V Priny Py dw (8.25)

where S(wlk;)/S(w) is the normalised conditional spectrum [3]. Note that also
the phase angle, ay,,,, is an implicit function of k; when a finite tip separation is
considered.

!Examples are pick-up between tips, disturbances injected by the electronics and RF distur-
bances. These effects add the same spurious components to each measuring channel, which result
in an artificially increased coherence.
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Tip separation and measurable wave-numbers

The gap between the tips measuring the potential imposes the maximum value of
k., i.e. the minimum wavelength, that can be unambiguously resolved:
Amin 2m 7

=9 frae = 2 _ T 2
5 e = i S = o (8.26)

Therefore, measured wave-numbers > £k7'** probably originate from measurements
affected by aliasing, and should be discarded.

Phase measurements

In practice, one should look at the behaviour of A¢ as a function of w and impose
a condition on the smoothness of A¢(w), assuming that phase jumps greater than
some given value are unphysical and must be rejected. This value may depend on
the specific settings used for the analysis, such as the number of points used for the
FFT and the sampling frequency.

Tip separation and cross-phase measurements

In principle, density and electric field fluctuations should be measured at the same
spatial location, see Eq. 8.16. This is not the case in a real experiment, where a finite
separation between the tips measuring the potential is needed in order to recover the
‘spatial’ information, namely the k, value. The gap e cannot be indefinitely small,
because this implies an extremely small measured phase difference, which would be
badly affected by the noise in the measurements.

For finite k,’s, the finite gap introduces an additional phase shift, +k, €, between ny
and the potential signals. In order to evaluate correctly the term «,,,,,the average
of the phase angles between n and each plasma potential signal should be considered:

Qnysy + Oy o

Oy = (8.27)

The additional phase shift, which is anti-symmetric with respect to y = 0, cancels
out.

Plasma potential, floating potential and electron temperature fluctua-
tions

Contrary to the standard notation adopted in the rest of the Thesis, in this Section
the potential was indicated with the symbol ¢. The ambiguity between plasma
and floating potential is now removed and the usual notation, V}; and Vy;, can be
reintroduced, with Vj; = Vi + uT, /e (Appendix B). In fact, for most experimental
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Figure 8.7: Top: Measured phase between density and potential, calculated with and
without 7. corrections, as a function of the radial position at the midplane. Bottom:
Corresponding spectral flux for a selected frequency range, where a coherent mode
is present.

situations the only information available on the electric field is derived from the
ﬂoatin~g potential. It is assumed that ¢; = V1 = V1, which is valid only in the
limit T, — 0O or, for practical cases:

nT, < Vi (8.28)

For the general case with 7, # 0, the measurements of the fluctuation-induced
flux based on the assumption V}; = Vy; data alone can be misleading, because the
estimated amplitude of V;; and the phase between n; and V;; might be strongly
inaccurate [117][43].

For the reasons mentioned above, the measurements of I'f, are corrected for finite a
T.. In practice, the time-traces T,.(r, t) and Vj;(r, ) are obtained from T, fluctuations
measurements (Sec. 8.1) for the positions of interest. Assuming that p # p(t), the
plasma potential, V};(r, %), is also calculated. After Fourier transforming the three
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signals, the amplitude and phase correction factors are evaluated:

v
Clvyul=Ivl (rw) = \’VZ’\ , UV — Vi) (rw) = LV — LV, (8.29)

The two factors are used to correct the results for I'y, by setting, in Eq. 8.25,
1=V CIszH\szI e, An example of the flux calculated with and without the

finite T, effects is shown in Fig. 8.7. The importance of finite electron tempera-
ture fluctuations is confirmed. For instance, there are regions where the flux sign
in reversed when T}, is taken into account (for r < 0 in the example of Fig. 8.7),
and the differences in the phase «,,,, can be as large as 1rad. These results are
significantly different from those obtained in tokamak edge plasmas, where usually
n and T, fluctuations are in phase, and the corrections for finite 7, have a minor
impact on the measurements fluctuation-induced flux [43].

It should be noted that the method described above can be applied when fluctu-
ations have wavelengths > €, which is the case for all the scenarios investigated
on TORPEX. The same considerations discussed in pag. 139 about the effect of a
finite tip separation hold for 7, measurements as well, from which the correction
factors (Eq. 8.29) are calculated. For typical values of wavelengths measured on
TORPEX, the correction to the phase related to a finite tip separation would be
2me/ A ~ 20 x 2 x 1072 ~ 5%, which is within the error in the measurement of the
phase due to noise.
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8.3 Conditional average sampling technique

A useful technique for studying the spatio-temporal behaviour of macroscopic struc-
tures is the Conditional Average Sampling (CAS) [53][57]. A complete overview of
the capabilities and limitations of the method is found in Ref. [5] and references
therein. The method consists in extracting through ensemble averages the signal
part that is correlated with a specific event, defining a ’trigger’ condition, C. For
example, the event could be a burst in the measured density and

C= {n > Ny s M= nlOc.maa:} (830)

where ny, is a convenient threshold and 7emee @ local maximum in the density
signal (Fig. 8.8). Another possibility could be to impose a condition of the type

C' = {Niow < 1 < Npigh'; N = Moc.maz } (8.31)

where only events with an amplitude within a certain range are considered. As a
further example, C could be defined in terms of the difference of the signals measured
at two spatial positions, i.e. on a spatial gradient, or extracted from the coefficients
of a wavelet decomposition of the reference signal [106].

The N times at which the condition C' is satisfied, t¢;, are recorded (Fig. 8.8), and
the conditionally averaged signal is calculated

1
S0 = N - n(t =te) (8.32)

||Mz

Similarly, the conditionally averaged signal at a time shifted by 7 with respect to
tC,i is

N
1
= ; n(t=te; —) (8.33)

The reconstructed signal s = s(7) in a time window of width At centred around the
event is obtained by letting 7 vary between t¢; — At/2 and t¢,; + At/2. Note that
the events are not directly related to the absolute timing of the plasma discharge.
Providing that the discharges are highly reproducible, 2-D profiles with high spatial
resolution can be obtained by moving probes on a shot-to-shot basis.

In this simple version of the CAS method there are two parameters to optimise,
namely ng, and At.

e The value of ny, has a direct impact on the condition C', hence on the num-
ber and type of the events which are detected. In practice, ny, is a trade-off
between a good statistics and an effective discrimination of the most represen-
tative events.
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Figure 8.8: Example of a density trace from a fixed 'reference’ probe used to imple-
ment the CAS technique. In this example the threshold value is set to 1 x o (red,
dashed line), where o is the standard deviation of n(t). Two events, indicated by
the arrows, are clearly identified. The times t¢; and t¢ ;11 correspond to the local
maxima of the signal.

e The parameter At must be smaller than the minimum delay between events
to avoid including the same event twice in the average, Eq. 8.33. In general,
it is set equal to a few auto-correlation times of the raw density signals.

An example of a 2-D reconstruction of the spatio-temporal pattern of a coherent
mode, commonly observed in TORPEX plasmas (see Sec. 7.2), is shown in Fig. 8.9.
In this case, the discriminating condition is defined as in Eq. 8.30, with ny, equal to
the standard deviation of the reference signal, which is measured at » = 0, z = 0,
where the amplitude of the fluctuations is maximum.
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Figure 8.9: Reconstruction of the spatio-temporal pattern of density fluctuations by
means of the CAS technique for a Hydrogen plasma (data from the HEXTIP probe)
[104]. A coherent mode, propagating in the vertical direction, is clearly observed.
Figures (1) to (4) refer to four time frames from the same discharge, with a time

interval between frames of 40us.
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Figure 8.10: Illustration of the boxcar-averaging technique used to estimate the
simultaneous variation of n, 7, and V; during a power modulation period, 7.

8.4 Boxcar-averaging technique

Most of the experimental results presented in this Thesis are obtained by means of
electrostatic probes. The mode in which the probe is operated determines the max-
imum time resolution of the results. For the simultaneous determination of n, T,
and V},; the double of the sweep period, typically > 500us, constitutes the maximum
time resolution. However, there are cases for which a higher temporal resolution is
needed. For example, one might be interested in the evolution of n, T, and V; in
connection with fast events, for which only n can be usually measured with high
temporal resolution with probes operating in /4,; mode.

To evaluate simultaneously the time evolution of the three parameters and estimate
the errors made by assuming n o Iy, i.e. without including changes of T, and/or
Vpi, a boxcar-averaging technique can be used. To illustrate the technique we refer
to the case of discharges with power modulation.

Referring to Fig. 8.10, the power signal is taken as reference to reconstruct the aver-
age behaviour of the probe current and voltage signals within a modulation period,
T, containing Ny = T, ¢ facq samples ( foueq is the acquisition frequency). The probe
voltage is swept at a frequency which differs from the power modulation frequency,
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and the probe current is measured. The voltage and current time series are re-
sampled at the rate 1/7,, taking as starting time the first Ny points. At the end of
this procedure one obtains a set of Ny probe characteristics containing information
on the evolution of the plasma parameters during a modulation cycle. The curves
are then analysed with standard fitting techniques to get n, T, and V;, from which,
for example, V},; can be calculated (see Appendix B.2).

Fig. 8.11 shows a reconstruction of the behaviour of the main plasma parameters
during a modulation cycle in Hydrogen, for regions close to the EC and UH layers,
where the presence of suprathermal electrons could affect the interpretation of the
ion saturation current data. Although changes of T, and V/; are clearly observed, es-
pecially close to the UH layer, the density traces from I-V curves and I, are in good
agreement. These results justify in this case the use of Iy, data as representative of
the density dynamical behaviour.
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Figure 8.11: Evolution of n, T, and Vj from swept Langmuir probes during a
power modulation cycle, reconstructed by means of the boxcar-averaging technique.
For comparison, the dashed line shows the density measured from I,,, assuming a
constant T, = 5eV. Measurements are done in Hydrogen at the EC (left column)
and UH (right column) layers.
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Figure 8.12: Example of average n, T, and V), in a time-window centred around
a density spike detected on the reference probe. Note the finite relative phases
between density and plasma potential.

8.5 Combined CAS-Boxcar technique

The boxcar-averaging technique illustrated in Sec. 8.4 can be also applied, in com-
bination with the CAS method (Sec. 8.3), to study plasma instabilities [75] and
transport. In this case the reference signal is the ion saturation current measured
by a fixed probe, instead of the injected microwave power signal. Once the trigger
events are identified, the reconstruction of the average I-V Langmuir curves pro-
ceeds as for the boxcar method. By means of the combined CAS-boxcar technique,
poloidal profiles and time evolution of density and plasma potential are obtained
(Fig. 8.12). This makes it possible to calculate the particle transport due to corre-
lated fluctuations of n and V), (Sec. 11.4). Moreover, the heat flux can be calculated
since the electron temperature is also known.

The choice of the reference probe is dictated by the phenomenon under investiga-
tion. Referring to the standard TORPEX plasmas, the probe can be chosen at the
location where a coherent mode is present, and the method is used to reconstruct
the spatio-temporal pattern of the instability. The example in Fig. 8.13 shows the
density, electron temperature and plasma potential perturbations due to a coherent
mode at 4kHz, convected by the background F x B velocity.

Another field of interest is the study of ’intermittent’ events, i.e. strong, local per-
turbations of the plasma parameters which can not be described by a wave repre-
sentation. A complete discussion of this class of phenomena is given in Sec. 11.4. In



8.5. COMBINED CAS-BOXCAR TECHNIQUE 149

5n [10*° m™ oV, V]

-60ps 0.5 10 2
— 5
£ 0 : 0
L, 0 -2
N -0.5_5 ( -4
_1-10 -6
-8
-10 0 10
4
0.5 10 2
—_ 5
£ 0 0
O, 0 -2
N -0.5_5 -4
_1-10 -6
-8
-10 0 10
2
N/
os 0l ) i
—_ 5
S 0 -2
L, 0
-4
N -0.5_5
A 110 6
-8
-10 0 10
r [cm] r [cm] r [cm]

Figure 8.13: Reconstruction of the time-dependent fluctuations of n, T., V,; over
a 2D cross-section. The inserts show the times, with respect to the detection of a
trigger event (¢ = 0), at which the profiles are calculated.

this case the reference probe must be located where the density spikes are detected,
which usually corresponds to the LFS plasma region. An example of reconstructed
traces is shown in Fig. 8.14.

For TORPEX discharges, the method gives stable results for a discharge duration
> 1.5s. Up to ~ 1500 trigger events are detected, depending on the threshold level
chosen to define the trigger condition. The probes measuring the I-V curves are
swept at 1kHz, and the sweep voltage is limited to (—20,+45)V to maximise the
number of points in the range useful for the fit of the I-V curve.
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Figure 8.14: Reconstruction of the simultaneous behaviour of n, T¢, V,; and Vy; from
the 8 tips of SLP, using the combined CAS-boxcar technique. The trigger condition
is a threshold on a I, signal (cfr Eq. 8.30). Measurements are done in Hydrogen.
Data (thin lines) refers to four discharges with the same experimental conditions.
The thick line is the average of the four repetitions.
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Figure 8.15: A single time-frame representing the instantaneous density fluctuations,
reconstructed from HEXTIP data with a spatial resolution of 3.5cm. Five macro-
scopic 'structures’ are identified and characterised by their contours, orientation and
associated mass.

8.6 Real-space statistical analysis

This Section briefly summarises the space-time analysis and visualisation technique
developed by S.H. Miiller in the frame of his PhD thesis [67].

The method is based on simultaneous measurements of the plasma density over
a poloidal cross section, obtained from HEXTIP (Sec. 3.4). By comparing the
density profile evolution frame by frame one can reconstruct the temporal behaviour
of macroscopic density ’structures’ within the same discharge. The structures are
defined as bounded regions in which the instantaneous density exceeds the time-
average value by a convenient factor. Analogously, negative structures are defined
by considering a threshold smaller than the average density. An example is shown
in Fig. 8.15, where one positive and four negative structures are identified.

For each time frame, the structures are characterised in terms of size, associated
mass, centre of mass and orientation. Their velocity and trajectory are calculated
by tracking a structure during subsequent time frames. By knowing the velocity,
the mass and the trajectory of each structure, a net flux through ’virtual surfaces’
intersecting the poloidal plane can be calculated [67].

All the information from a single discharge is collected in a database, and used to
calculate the statistics associated with particular events, such as trajectory patterns,
birth and death locations of the structures and particle fluxes [68].
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8.7 Plasma response to a modulated microwave
power: multi-harmonics analysis

Methods based on measurements of the plasma response to externally imposed
perturbations are widely used in tokamaks to study transport phenomena (see
[89][11][63] and references therein). In particular, a modulation of the injected EC
power can be used to infer the value of the particle and heat transport coefficients,
on the basis of specific assumptions on the form of the transport equations.

To our knowledge, these techniques have not been exploited yet on basic devices
like TORPEX. A first reason is that the injection system must be able to provide
a well controlled modulation of the output power. This was the motivation behind
the upgrades of the TORPEX microwave system, described in Appendix. A.1. Sec-
ond, modulation techniques are expected to give information on the global plasma
losses, regardless of the physical mechanisms behind the measured fluxes. For a sim-
ple magnetised torus the dominant loss channel is the flow along the open magnetic
field lines, which is of little interest for the magnetic confinement physics community
compared to other more general issues, such as the flux related to plasma instabil-
ities. Nevertheless, the information on the total fluxes is relevant for a complete
characterisation of transport phenomena at play, and provides an upper limit to
which the results from other techniques can be compared.

In this Section, I describe the analysis method of data from discharges with mod-
ulated EC power used on TORPEX. It is based on the combined analysis of the
response to perturbations with different amplitude and/or frequency. A convective
model is adopted, as it results to be the most appropriate to describe the observed
plasma dynamics.

Description of the ’multi-harmonics’ method

The multi-harmonics analysis method is discussed here in three steps. The general
lines are depicted adopting a simplified, one-dimensional model. Then, the obtained
equations are extended to the general three-dimensional case. The practical imple-
mentation of the method is finally illustrated at the end of the Section.
The interpretation of the density response to a modulated microwave power is based
on the density continuity equation

on

T vV-I'+S§ (8.34)
where [ is the particle flux and S the source term. For the one-dimensional case
' =T(z) and S = S(z), and the flux is assumed to be purely convective?, T' = nU.
This assumption will be justified in Sec. 9, on the basis of the experimental results.

2In this Section, I use the symbol U to indicate the time-averaged, macroscopic velocity field.
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Figure 8.16: Effect of a background velocity field, U(z), on the measurements of the
phase of a signal excited at zy and detected at x;.

We decompose n, U and S into a constant, time-independent part plus a first-order
fluctuating part (subscripts 0" and ’1’). The time Fourier transform of Eq. 8.34 for
the first-order part is

w ny = —V(m U(]) - V(no Ul) + Sl (835)

with o o ‘
ng=Ae“'e¥; U =DBe“'e; S =pae” (8.36)

for the component at frequency w/2m, and the amplitude of the coefficients A and
B depend on x and w. The term p« represents the amplitude of the local source
perturbation, with p = p(w) and a = «a(z) (see Sec. 7.3.2).

Note the additional terms, e, e in Eq. 8.36, which originate from the presence of
a background velocity field. Referring to Fig. 8.16, a density perturbation generated
at r = xy and detected at x = x; is subject to a phase shift

X1 dxl
=wAt=w / 8.37
@ @) (8.37)

If the source location and the macroscopic convection velocity are independent of
w, i.e. At # At(w), the phase is simply proportional to the perturbation frequency.
From Eq. 8.35 we obtain

Uo(Z—A+2Agi> +A%Z° i1 [B%—f-no (aa—BﬂBgZ)] —iwA = _pg;;

Suppose now that two sets of measurements, labelled as ¢ and j, are available. The
two sets may correspond, for example, to two different modulation frequencies, w;
and w;. We make the further assumption that the modulation of the microwave
power does not affect the convective velocity, i.e. U; = 0, see Sec. 9.

By writing Eq. 8.38 for the two sets, taking their ratio, and splitting the resulting
equation into real and imaginary part, one obtains two linear equations which can
be solved to get Uy and U, /0x from the measured quantities A, ;, ; ; and p; ;. The
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same procedure can be easily extended to multiple sets of modulation parameters,
leading to an over-determined set of equations for the transport coefficients. Note
that the plasma response from different modulation parameters was qualitatively
compared in a number of experiments aimed at estimating the transport coefficients
(see [64] and references therein). To our knowledge, the combination of this infor-
mation in a unique system of equations has not been reported yet.

An alternative procedure would be to obtain a system of equations by simply com-
bining Eq. 8.38 for the different sets of modulation parameters. However, it should
be noted that by taking the ratio of the two equations all the proportionality coeffi-
cients between measured quantities and the corresponding physical parameters® are
cancelled out, making the method more accurate.

Extension to the three-dimensional case

Equation 8.38 can be easily extended to the general 3-D case, for which A =
Az, z,s) and ¢ = p(z,2,s) (z, z and s are the coordinate along the major ra-
dius, vertical and toroidal directions).

Contrary to the time-averaged source profile, the instantaneous perturbed source
profile term is assumed to depend on s, under the effect of fluctuations and finite
time-scales of the ionisation processes. Such an asymmetry is consistent with the
dependence of the plasma response upon the toroidal direction, observed in the
experiments. Note that, in the absence of any attenuation, the perturbations can
propagate around the torus and contribute to the signal measured at different ver-
tical positions, depending on the convection path. It is assumed here that ’local’
perturbations produce the strongest signal, which is only weakly affected by this
‘return signal’ after one (or more) toroidal turns.

The equations for the 3-D case can be cast in the form

T.X-Y (8.39)
where, for each pair of sets ¢ and j

OlUs, OUy., 0Uys 1"
0,+ 0,_|_ 0,

X = Vou Voo, Vo, 8.40
- w102 T0s g 0z ds (8.40)
T= [ a’ b i di } (8.41)
Y = [sY] (8.42)
By introducing the quantities
Pi
kij = — Apij = pj — ¢ (8.43)

J

3In particular, these include the conversion from ion saturation current into plasma density and
from the RF diode signal into the injected microwave power.
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the coefficients of the matrix T, in its complex form, are

. 0A; 0 p; A 0p;
i = — ki €10 : 44
a 52 +iA; —— 52 kije ( A; 8x> (8.44)

L 0A; 0 d¢i A 0y;

(/R o z Pij J
b P 5, kije ( L 1A 5. ) (8.45)

i 0A; Oy A A 0y

17 - z Pij J . J
= - i 5s ki; (_85 +iA,; P > (8.46)
dij = Az — kij GlALp” Aj (847)

and

=1 (Az Wi — Aj kij €iA%j U.)j) (848)

Implementation of the method on TORPEX data

In order to solve the system 8.39, at least N = 3 distinct sets of measurements are
needed, leading to eight independent equations for the four unknown. In practice,
N > 3 independent sets, leading to an over-determined system, are needed to
overcome the effect of the noise. The latter can be considerably reduced by increasing
the length of the discharge. For the experiments reported in the following, a pulse
length of = 3.5s is used for modulation frequencies ~ 80Hz.

The method requires a large amount of experimental data to reconstruct the 3-D
profiles of the amplitude and phase for each modulation frequency. The number of
required plasma discharges can be considerably reduced by choosing a convenient
waveform for the modulated microwave power, for example short, rectangular pulses
containing a large number of harmonics of the fundamental modulation frequency
(Sec. 9), see Fig. 8.17. The measurements are done with the SLP probe (Sec. 3.4),
which can be rotate about its axis to collect data from regions s < 0. A spatial
resolution of 1cm radially and 1.8cm vertically and toroidally is sufficient to provide
accurate profiles of the background plasma parameters.
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Figure 8.17: Power spectral density of the modulated microwave power signal and
of an ion saturation current signal.
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In this Chapter, the particle transport is investigated by means of the EC power
modulation technique discussed in Sec. 8.7. This technique represents an extension
of the simple method used in Sec. 7.3.2 to estimate the particle confinement time
from the plasma dynamical response to a perturbation of the injected microwave
power. The goal here is to measure the particle fluxes along the radial, vertical
and toroidal directions, which play the role of loss terms in the density continuity
equation. The fluxes are then interpreted in terms of a convective velocity.

The target plasma is obtained from Hydrogen, with 400W of injected microwave
power. The toroidal and vertical magnetic fields are 76mT and 1.2mT, correspond-
ing to I;; = 380A and I,y = 60A. The neutral gas pressure is 3.5 x 10~ °mbar.
The background profiles of density, electron temperature and plasma potential are
presented in Fig. 9.1.

The choice of the modulation parameters is discussed in Sec. 9.1. In Sec. 9.2 the
plasma density response, in terms of amplitude and phase, is illustrated and the
validity of the hypotheses introduced in Sec. 8.7 is verified. The 'multi-harmonics’
method is then applied to derive the three-dimensional plasma fluxes (Sec. 9.3).
Finally, the results of this Chapter are summarised and discussed in Sec. 9.4.
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Figure 9.1: Plasma density, electron temperature, plasma potential and particle
source profiles for the target plasma investigated in this Chapter.

9.1 Modulated power signal

Two types of power modulation waveforms are used, whose parameters are sum-
marised in Tab. 9.1. The modulation frequency is 80Hz, much lower than the typ-
ical frequency of instabilities and the inverse of the intermediate time-scale of the
macroscopic plasma dynamics (cfr. Chap. 7). Both waveforms consist of rectangular
pulses, which allows one to inject simultaneously a large number of harmonics of the
modulation frequency. The number of discharges required to measure the plasma
response in a poloidal cross-section is thus considerably reduced, with respect to us-
ing a purely sinusoidal modulation. The amplitude and the duty-cycle of the power
perturbation are minimised, in order to avoid a strong departure from the stationary
background profiles during the pulses, while preserving a clearly detectable density
response. The main difference between the two sets of modulation parameters is
the sign of the power perturbation (Fig. 9.2). For regions on the high-field side
with respect to the UH resonance, the signal-to-noise of the density response to a
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Pulse shape | min. power [W] | maz. power W] | fuoa | Duty cycle [%]
Positive 400 500 80 3
Negative 300 400 80 10

Table 9.1: Parameters of the two sets of modulated microwave power.
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Figure 9.2: Time traces of the modulated microwave power used to investigate the
plasma response.

positive pulse of the injected microwave power is very low. On the other hand, a
net response is measured for negative pulses. The possibility of interpreting within
the same analysis the plasma response to modulated power signals with different
modulation parameters is discussed below.

The power spectra of the power modulation signals are shown in Fig. 9.3. Multiple
harmonics of the fundamental modulation frequency at 80Hz are visible, especially
for the ’'positive’ pulses. The same harmonics are detected in the I, signals, with
different amplitudes depending on the probe position.

9.2 Consistency of the plasma response

In order to infer from the multi-harmonics technique the three-dimensional particle
flux, a number of hypotheses need to be verified:
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Figure 9.3: Power spectral density of the microwave power signals shown in Fig. 9.2.

1. The particle transport is dominated by convection with a phase between den-
sity and modulated power depending linearly upon the modulation frequency.

2. The spatial profile of the perturbed particle source is independent of the mod-
ulation frequency.

3. Amplitude and phase of the transfer function between modulated power and
density response must be consistent with the particle source profile. In partic-
ular, a maximum amplitude and a phase &~ 0 are expected where the source

term is maximum.

4. The perturbations of the convection velocity induced by the microwave power
modulation are negligible.

Examples of the density response at the fundamental modulation frequency are
presented in Fig. 9.4. The corresponding amplitude and phase, combined in the same
figure, refer to positive and negative pulses for regions r > —2.5cm and r < Ocm.
Average values between data from positive and negative modulation pulses are taken
in the overlapping region. The background density profile and the E' x B velocity
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Figure 9.4: Top: density profile and E x B velocity for the case investigated in this
Chapter. Bottom: amplitude and phase of the density response for the fundamental
modulation frequency of 80Hz. The phase is measured in [—m, 7.



9.2. CONSISTENCY OF THE PLASMA RESPONSE

phase [rad] phase [rad]

phase [rad]

4
3} g O r=—8cm
o O
2,
B o
o o g E 5go o u]
1r o g O E O 0g 8
oooo-oBgfg0 B o
ol o oUgH . oog o 0o
_1 ! Il !
0 0.5 1 15 2
4 : : ‘
Qo O positive r=-2.5cm
O 8 (@] /
2r (@]
. 8o 98,9 o o o
o P g 8 889000 5
ofo Fgo 9o § % g %o :
ogf oo o 8
. “ oo 0o B
negaive " "o
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0 T T
8]
! 08 g r=6¢cm
-0.5 o= e 8
O g o g 8 8 o o =i
@]
-1r O o ©9 (6] © 8 q
o O 8 O m
-1.5} O (@] b
_27 o
5 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

f [kHz]

163

Figure 9.5: Measured phase of the density response at different radial positions at
the midplane. Results from discharges with positive and negative density bursts are
indicated by circles and squares.

pattern and magnitude are also shown. The validity of the hypotheses on which the
multi-harmonics method is based is verified below.

e Hypothesis no. 1
A first argument for excluding that diffusion is the dominant transport mech-
anism in TORPEX plasmas is the systematic spatial separation between re-
gions of maximum density and position of the particle source, that could be
explained only by a negative diffusion coefficient. In addition, diffusive pro-
cesses lead to a spatially symmetric amplitude of the density response around
the source region. This is not observed on TORPEX] even for high modulation
frequency > 50kHz, for which the contribution to the density response from
convective terms should vanish [11].
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Figure 9.6: Ionisation rate associated with the microwave power perturbation (left)

and particle confinement time (right). The thick, dashed line represents the position
of the UH layer.

For different positions, a linear dependence between the phase of the density
response and the modulation frequency is observed (Fig. 9.5). The slope is
almost constant up to ~ 1kHz, compatibly with purely convective transport
mechanisms. On the high-field side, where negative pulses are used, the phase
measurements are confused and the convective character of the transport can
not be confirmed. Therefore, the hypothesis no. 1 is confirmed only for regions
with » > 2.5cm.

e Hypothesis no. 2

The density response data can be used to calculate the confinement time, 7,
and the profile of the perturbed particle source, Sy, (Fig. 9.6), as described
in Sec. 7.3.2. The profile of 57, evaluated from the combined analysis of all
the harmonics up to 1kHz, is consistent with the position of the UH layer,
calculated from the time-averaged profiles. A ’'negative’ source, indicating
a decreased ionisation rate with respect to the unperturbed value, is found
when negative power pulses are used, i.e. for r < 0. From the results of Sy
calculated for each harmonic separately, we conclude that hypothesis no. 2
is qualitatively verified, although the measured confinement time for regions
r < 0 is much larger than that measured in Sec. 7.3.
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Figure 9.7: Amplitude and phase of the density response to a modulated microwave
power for different harmonics of the fundamental frequency. Plots (a) and (b) refer
to a radial cut at the midplane, and plots (¢) and (d) to a vertical cut at r = 5em.
The amplitude is normalised to the spectral amplitude of the microwave power
signal.
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e Hypothesis no. 3

The amplitude of the plasma response is similar for most of the harmonics of
the fundamental modulation frequency. Figure 9.7 shows the radial and verti-
cal profiles of amplitude and phase for six harmonics. Strong spatial variations
are observed along the radial direction, while the profiles along z are smoother.
The maximum amplitude is observed around r = 3cm, where the phase is close
to zero, consistently with the particle source profile. However, for some of the
harmonics a second maximum at » = —5cm is measured. Moreover, the phase
approaches 7 for regions r < 0, indicating that the decreased injected power
leads to an increase of the density. This feature is confirmed by traces of
n, T. and V,,; obtained with the boxcar-averaging technique (Fig. 9.8). An
explanation is suggested on the basis of the plasma production mechanisms.
When the injected power is decreased, the UH layer shifts to the high-field
side and the density adjusts itself on a new profile. Regions on the low-field
side of the UH layer are characterised by a drop of the density. In regions on
the high-field side of the UH layer, inside the main plasma, where n is usually
slightly higher than n,;, (see Sec. 7.1), the density decays until n &~ n,;, and
the UH resonant condition is satisfied, therefore n increases again. This is in
contrast with hypotheses no. 2 and 3.

e Hypothesis no. 4
From Fig. 9.8, we observe that there is a finite perturbation of V,; when neg-
ative pulses are applied, which violates the hypothesis no. 4.

In general, there are discrepancies between the results obtained with positive and
negative pulses. For the latter, most of the assumptions on which the multi-harmonic
analysis is based are clearly not satisfied. For these reasons, only discharges with
positive power pulses are used in the next Section to calculate the particle fluxes.

9.3 Measured particle fluxes

The particle flux calculated with the multi-harmonics method is shown in Fig. 9.9,
and the components along the three axis, I, I', and I'y, in Fig. 9.10. As discussed
in the previous Section, the analysis is restricted to 'positive’ power pulse, and only
harmonics with f < 1kHz are included.

The flux removes particles from the region of maximum density, where a radially
outward flux is measured. The direction of I', is inverted at » = 5cm, in the re-
gion of maximum density gradient. Here a strong vertical flux, co-linear with the
background E x B drift, is present. In general, we observe that the sign of I', is
consistent with the sign of the £ x B drift, although U, and vg. g differ considerably
in magnitude. A complicated profile of I'y, characterised by a quadrupole-like struc-
ture, is observed. Qualitatively, the direction of I', is inverted when the midplane



9.3. MEASURED PARTICLE FLUXES

12

[eV]

e

T
(e}

12

20

18+t M |

V]

pl

14

0 2 4 6 8 10
t=t [ms]

12

167

Figure 9.8: Response of n, T, and V,; to a drop of microwave power, reconstructed
by the boxcar-averaging method. Despite the decreased level of injected power, the

three parameters show an increase during the pulse.
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Figure 9.9: Poloidal pattern of the convective velocity calculated by means of the
‘multi-harmonics’ Fourier analysis. The background density profile (in [m~3]) and
the position of the UH resonance (thick, dashed line) are shown.

and the UH layer are crossed. It is interesting to note that there are indications of
a coupling between the toroidal and vertical flow velocities, with |Us|/|U.| &~ const
(Fig. 9.11), as expected due to the non-zero tilt angle of the magnetic field.

9.4 Summary and discussion

The total particle flux along the radial, vertical and toroidal directions has been
measured by means of techniques based on the modulation of the microwave power.
A simplified convective model, assuming negligible perturbations of the convection
velocity, is used to interpret the density response to the modulated EC power. The
measured fluxes are characterised by complex spatial profiles, which can not be easily
interpreted in terms of macroscopic plasma drifts. The ordering of the fluxes, with
I, < T, < Ty, confirms that particle losses mainly occur along the open magnetic
field lines. The global loss rate is consistent with that calculated for the density
decay time measured in Sec. 7.3.
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Figure 9.10: Plasma flows along the radial, vertical and toroidal directions calculated
via the 'multi-harmonics’ Fourier method.
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Figure 9.11: Toroidal versus vertical component of the convective velocity, suggest-
ing a possible coupling between the fluxes in the two directions.

It should be noted, however, that the solutions obtained from the system 8.39 are
not very stable with respect to particular choices of the analysis parameters, like the
range of frequencies from which the input data are taken. For example by restricting
the analysis only to frequencies 0.5 < f < 1kHz, the convection velocities change by
up to 90% for the radial direction and 60% for the vertical and toroidal directions.
Nonetheless, the results presented in this Chapter represent a proof-of-principle of
the applicability of power modulation techniques to basic laboratory experiments.
The technique could be further improved by an optimisation of the modulation
parameters, by extending the discharge length and, possibly, by relaxing some of the
assumptions for the particle transport model. In particular, the perturbed velocity
term, U,, could play a considerable role in determining the plasma response also for
small modulation amplitudes.

Apart from the information on the total particle fluxes, these results do not allow
one to discriminate between the different transport mechanisms which are at play
in TORPEX plasmas. In particular, the link between plasma instabilities and the
related particle transport can not be established. Other methods must be used, as
discussed in the next Chapters.
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In this Chapter I discuss the main results from measurements of the radial fluctuation
induced particle flux, measured by the TRIP probe (Sec. 3.4) on the midplane. The
same probe is used as a triple-probe to the measure electron temperature fluctua-
tions (Sec. 8.1). We can thus calculate the plasma potential from floating potential
and electron temperature measurements, as described in Sec. 8.2.

The experimental scenario with B, = 1.2mT, for which a complete characterisa-
tion has been given in the previous Chapters in terms of time-averaged profiles and
plasma fluctuations, is investigated in detail in Sec. 10.1. In Sec. 10.1.1 the analysis
is extended to other values of the vertical magnetic field, for which different features
of the plasma instabilities are observed, cfr. Sec. 7.2.

The results are summarised in Sec. 10.2, where the necessity of a having more com-
plete information on the two-dimensional poloidal profiles of the fluctuation-induced
flux is discussed.
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Figure 10.1: Power spectra for plasma potential and density fluctuations, and mea-
sured phase between density and plasma potential.

10.1 Measurements of the spectral flux

The target plasma for this Section is obtained from Hydrogen at 6 x 10~ °mbar,
with 400W of injected microwave power. The toroidal and vertical magnetic fields
are 76mT and 1.2mT. The background profiles of density, electron temperature and
plasma potential are shown in Fig. 9.1. Measurements are taken during discharges
lasting 300ms, with a spatial resolution of 3cm radially.

Referring to Fig. 7.10, two unstable modes are usually observed for this choice of
experimental parameters. A drift mode at ~ 4kHz develops in the density gradient
region in the bottom half of the poloidal cross-section. An interchange mode, with
frequency = 12kHz, forms on the LFS at z ~ —10cm. The two modes are convected
upward by the ' x B background drift. At the midplane, where measurements are
taken, the two modes coexist, although the spectrum is usually dominated by the
higher frequency mode. The power spectra of density and plasma potential fluctu-
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Figure 10.2: Spectral flux (top) and total flux (bottom) as a function of the radial
position. The flux calculated directly from the time-series of n and V/; is shown for
comparison. The radial density profile is shown in the bottom figure. The error bars
represent the standard deviation of the time series.

ations and their phase angle, a3, are shown in Fig. 10.1 as a function of the radial
position. Figure 10.2 illustrates the corresponding radial fluctuation-induced parti-
cle flux. The integrated flux is directed radially outward, i.e. it removes particles
from the high-density region. It approaches zero at r ~ 10cm, where the amplitude
of the fluctuations also vanishes. For r > 10cm the coherence between n and V,,; fluc-
tuations is very low, indicating that here density and plasma potential fluctuations
are, in practice, uncorrelated. For comparison, the particle flux calculated directly
from the density and floating potential time series is also shown in Fig. 10.2. The
discrepancy with the flux calculated through Fourier analysis, including electron
temperature fluctuation effects, highlights the importance of a correct measurement
of the plasma potential.

From the spectral analysis we observe that the mode at higher frequency accounts



10.1. MEASUREMENTS OF THE SPECTRAL FLUX 175

14

X 10
2 -

— —_— f=4kHz
S g} | = = f=11kHz
S,
3

3 0of
L=

_1 1
-5 0 5 10 15
2

=z 1
o
= ol

S

c
S

_2 1
-5 0 5 10 15
r [cm]

Figure 10.3: Top: Radial profile of the spectral flux, I's,,, measured at the midplane
for the modes at 4kHz and 12kHz. Bottom: Corresponding phase angle, ags. For
r > 10cm the coherence between density and potential approaches zero and the
results for I'f,, are meaningless.

for almost all the integrated flux for r > 5cm. Between r = Ocm and » = 5em
most of the flux is due to the 4kHz mode. The radial profile of the spectral flux for
the two modes is detailed in Fig. 10.3, along with the phase angle between density
and potential. Note that there is no simple relation between the phase and the flux
magnitude, or between the amplitude of the modes and the flux. For example, there
is no flux associated with the fluctuations of V,,; at frequencies < 1kHz, measured
for =5 <r < 2cm (Fig. 10.2). This indicates that all the terms in Eq. 8.23, defining
the spectral flux, are in general equally important for a correct estimate of I's,.

10.1.1 Vertical magnetic field scan

To investigate the variations of the fluctuation-induced flux with the characteristics
of the naturally occurring unstable modes, the measurements are repeated for differ-
ent values of the magnetic field, namely B, = 0.6mT and B, = 2.3mT. As discussed
in Sec. 7.2, the spectrum at the midplane is dominated by drift modes at low B.,,
and by interchange modes for B, > 1.5mT.

The spectra of density and plasma potential fluctuations are presented in Fig. 10.4,
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Figure 10.4: Power spectra for V,; and n fluctuations for a vertical magnetic field
B, = 0.6mT (left column) and B, = 2.3mT (right column).

and the calculated radial flux in Fig. 10.5. For B, = 0.6mT two modes are observed.
Only the one at 4kHz, which is the same discussed in the previous Section, causes
a radial particle flux. Also in this case the relation between flux, phase angle and
amplitude of the fluctuations is not trivial. Contrary to the previous example, an
inversion in the direction of the flux is observed around r = 8cm (Fig. 10.5). Unfor-
tunately, the poor spatial resolution of the measurements does not provide the fine
details of this flux reversal.

When the vertical magnetic field is increased to B, = 2.3mT, a single peak is ob-
served in the density and potential spectra between 4kHz and 5kHz, related with an
interchange mode (Sec. 7.2). The associated radial flux is positive, and comparable
in magnitude with the one measured for the other values of B,. This particular
scenario will be investigated in more details in Chap. 11.
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Figure 10.5: Spectral and total radial fluxes for B, = 0.6mT (left column) and
B, = 2.3mT (right column).

10.2 Summary and discussion

In summary, the radial particle flux related to plasma instabilities has been measured
for different values of a specific control parameter, the vertical magnetic field. By
varying B,, the spectral features of the observed instabilities changes, thus allowing
us to explore the link between the flux and plasma modes with different frequency
and wave-number properties.

Qualitatively similar features are observed for all the B, values, despite the different
character of the dominant instability and the different statistical properties of the
signals [76] for the different cases. For example, the flux is radially outward from
the region of maximum density. Negative values, corresponding to a radially inward
flux, are measured for intermediate values of B, in regions corresponding to the den-
sity maximum. The magnitude of the flux is of the order of 10*®*m~2s~!, comparable
with that obtained for the total flux through EC power modulation techniques for
r < 5em (Fig. 9.10). The fluctuation-induced flux would then be responsible for the
transport across B in this region, while the negative total flux measured for » > 5cm



178 CHAPTER 10. SPECTRAL FLUX

remains unexplained.

A critical aspect for the analysis presented herein is the reconstruction of the plasma
potential signal from floating potential and electron temperature measurements.
The measured flux may even change sign when the floating potential, instead of V},
is used to evaluate the fluctuating electric field. Particularly important for a quan-
titative analysis is the measurement of the phase angle, a;;. In practice, discharges
lasting > 1s, would be required to reduce conveniently the noise in the measure-
ments, especially for the low-frequency components (f < 1kHz) of the spectrum.
This was not possible for the experiments reported herein, for which, however, the
dominant instabilities have f > 4kHz and should be well resolved by the measure-
ments.

The results presented in this Chapter are limited to measurements of the radial
component of the fluctuation-induced flux. Moreover, only data taken along an
horizontal chord at the midplane are available. This represents a limitation for the
present analysis, because it can not be excluded a prior: that the fluctuation-induced
flux has a non-negligible contribution also in the vertical direction.

These considerations motivate the investigation of the instabilities properties, and
of the related particle flux, over a more extended region. This is the subject of the
next Chapter, in which methods based on the analysis of plasma fluctuations and
related transport in the time-space domain are used.
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The results presented in the previous Chapters indicate that a complete study of
transport phenomena in the toroidal plasmas of TORPEX must be based on mea-
surements covering the entire cross-section. In this Chapter, I present results from
two-dimensional measurements of the particle and heat fluxes from two complemen-
tary methods, namely the combined CAS-boxcar method and the structure analysis,
previously described in Sec. 8.5 and Sec. 8.6, corresponding to two different compo-
nents (or orders) of the total flux.

Two experimental scenarios, achieved by changing the value of the vertical magnetic
field from B, = 1.2mT to B, = 2.3mT, are studied. The time-averaged plasma pro-
files and the properties of the unstable modes are described in Sec. 11.1. Three re-
gions, in which different specific phenomena are at play, are identified in both cases:
(i) a 'main plasma’ region where unstable modes develop, (ii) a ’source-free’ region
where isolated plasma structures are intermittently observed, and (iii) a ’transition
region’ between (i) and (ii), where modes and intermittent events co-exist. This
allows us to identify and use a particular experimental scenario for simulating as-
pects usually observed in the scrape-off layer (SOL) of tokamaks. In particular, the
ejection of high-density plasma structures, or blobs, from the main plasma into the
source-free region is investigated in detail (Sec. 11.2), including the blob origin and
propagation characteristics.

The different nature of the flux terms, simply related to fluctuating density and
potential, and to macroscopic structures in the fluctuating density, is discussed in
Sec. 11.3. A possible ordering, from the zero-th order time-averaged total flux to
the second-order fluctuation-induced flux, is proposed as a guideline for the inter-
pretation of the experimental results.

The results from the CAS-boxcar method are presented in Sec. 11.4 for the standard
value of the vertical magnetic field, B, = 1.2mT, and for B, = 2.3mT. In general, it
is found that the fluctuation-induced particle flux is radially outward over most of
the poloidal cross-section, independently of the specific character of the dominant
unstable modes. The heat flux is mainly convective. The conduction term is negli-
gible, due to a vanishing phase between electron temperature and plasma potential
fluctuations.

For the high-B, case, isolated high-density structures are clearly observed to origi-
nate intermittently from the coherent mode. The transport related to these events
is investigated in Sec. 11.5 by means of the structure analysis, and the results are
compared with those obtained from the CAS-boxcar method. It is shown that the
cross-B particle flux in the source-free region is mainly determined by the radial
propagation of the density structures.
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11.1 Experimental scenarios: time-averaged pro-
files, instabilities and definition of the ’'SOL-
like’ configuration

11.1.1 Time-averaged plasma profiles and instabilities

In this Section, I describe the two experimental scenarios in which the particle
and heat transport, and the mechanisms behind them, are investigated in detail
(Sec. 11.4 and Sec. 11.5). The working gas is Hydrogen for both cases.

The injected microwave power, the neutral gas pressure and the toroidal magnetic
field are the same for the two scenarios, with P,y = 400W, pyes = 3.5 X 10~°mbar
and B, = 72mT. Only the vertical magnetic field is changed, with B, = 1.2mT
and B, = 2.3mT for the two cases. By changing B., different features in the time-
averaged profiles and in the spectral features of the observed unstable modes are
present:

e B, =12mT.
The background plasma profiles for B, = 1.2mT are shown in Fig. 11.1. Den-
sity, electron temperature and plasma potential profiles peak around r = 0,
z = 0, then decrease in both the radial and vertical directions.
Three modes are observed in the density spectrum (Fig. 11.1). Those at
~ 2kHz and 4kHz are identified as drift modes, and the mode at 12.5kHz
is an interchange mode (see Sec. 7.2) [80].

e B, =23mT.
The background plasma profiles for B, = 2.3mT are shown in Fig. 11.2. The
plasma profiles are slab-like, with a pronounced vertical elongation.
In the region » < 5cm the fluctuation spectrum is dominated by an interchange
mode at 4kHz, which originates at the bottom of the poloidal cross section,
then is advected upward by the E x B drift.
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Figure 11.1: Time-averaged profiles of density, electron temperature, plasma poten-
tial and particle source for B, = 1.2mT. The bottom figure shows a power spectrum
from the reference probe, used in the following for the CAS-boxcar analysis.
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Figure 11.3: Illustration of the three regions in which TORPEX plasmas can be
divided. The thick line shows the radial density profile measured at the midplane
for B, = 2.3mT. The dotted lines indicate the position of the EC (on the left) and
UH (on the right) resonances.

11.1.2 Definition of the main plasma, source-free and tran-
sition regions

In general, electrostatic instabilities are observed on TORPEX in regions with strong
pressure and plasma potential gradients, extending from the EC resonance out to few
centimeters to the low-field side with respect to the UH resonance. They correspond
to what can be called the 'main plasma’ region (Fig. 11.3). We identify as ’source-
free’ the region at the low-field side with respect to the UH resonance, separated
from the main plasma by a 'transition’ region.

Different phenomena are at play in the the main plasma and source-free regions,
as results from their characterisation in terms of spatio-temporal and statistical
features, discussed below. The case with B, = 2.3mT is used as a reference for the
remaining part of this Section.

Spatio-temporal characterisation

The spatio-temporal behaviour of density fluctuations, recovered by means of the
combined CAS-boxcar method (Sec. 8.5), is illustrated in Fig. 11.4. The reference
probe is located in the source-free region, at r = 16cm and z = 0. The spatio-
temporal evolution of the coherent mode at 4kHz is reconstructed for r < 5cm. A
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different behaviour is observed for » > 5cm. Referring to the last frames in Fig. 11.4,
the mode is stretched to the low-field side, where an isolated high-density structure,
commonly referred to as blob, clearly visible in the last frame, forms. The details on
the formation of these blobs and their possible impact on transport are discussed in
Sec. 11.2.

Statistical characterisation

The skewness and kurtosis!, S and K, of the density probability distribution function
(PDF) are commonly used to characterise the nature of fluctuations [38][56]. In
particular, |S| > 0 is indicative of PDFs with long tails, hence of the occurence
of intermittent, large amplitude events, which appears to be a universal feature of
the edge plasma in a large variety of devices [1]. For the same scenario presented
in Fig. 11.4, we calculated S and K from the density time-traces in the poloidal
cross-section (Fig. 11.5). We find K # 3 for the main plasma and the source-free
regions, indicating non-gaussian PDFs. The skewness changes from S ~ —1 on the
high-field side to S > 1 in the source-free region.

These results can be directly related to the spatio-temporal behaviour of density
fluctuations. Across r = —2.5cm, where the maximum amplitude of the coherent
mode is measured, S — 0 and a double-humped PDF, with K ~ 2, is found [56]. The
transition from S < 0 to .S > 0, moving toward positive radial positions, suggests the
presence of a transport mechanism which pushes particles into the source-free region.
For » > bcm a positive skewness and high kurtosis are measured, revealing the
presence of high-amplitude, intermittent bursts in the source-free region (Fig. 11.6).

The TORPEX SOL-like configuration

The results illustrated above, especially those from the statistical characterisation of
density fluctuations, remind closely those obtained from the scrape-off layer (SOL)
plasma of tokamaks [12]. For this reason, I will refer in the following to the ex-
perimental scenario with B, = 2.3mT as the SOL-like configuration, where the
main plasma and the source-free regions can be well distinguished in practice. Note
that the similarity is restricted to general features, such as the shape and the
normalised gradient scale-lengths of the plasma profiles, and to a particular phe-
nomenon, namely the ejection of blobs from the main plasma. Other aspects, specific
of the tokamak configuration, can not be addressed in TORPEX. These include, for
example, the change in the magnetic field topology, which is possibly relevant for a
complete characterisation of turbulence-related transport in fusion-oriented devices
88].

1§ and K are defined as the third and fourth moments of the probability distribution function.
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Figure 11.4: Two-dimensional reconstruction of the density evolution by means of
the combined CAS-boxcar technique. The spatial resolution of the measurements
is 1cm radially and 1.8cm vertically. A coherent mode is clearly visible during the
whole sequence. Note the blob which forms from the mode at ¢ = —91us and
detaches for ¢t > 32us. A similar behaviour is observed in the plasma potential and
electron temperature, see Fig. 11.7.
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Figure 11.6: Raw ion saturation signal measured at the midplane at » = 16cm (left).
The trace reveals the presence of intermittent spikes, leading to a positively skewed
probability distribution function (right).
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Figure 11.7: Temporal evolution of density, electron temperature and plasma po-
tential related to a trigger event detected at » = 16cm for B, = 2.3m'T.

11.2 Intermittent blob formation

The details of the formation of high-density, isolated structures in the source-free
region of TORPEX plasmas are discussed in this Section. To complete the informa-
tion contained in Fig. 11.4 about the density evolution associated with intermittent
events, Fig. 11.7 illustrates the simultaneous temporal behaviour of the perturbed
profiles of n, T, and V};. We observe that the plasma potential leads the density
perturbation, especially for regions » > —5cm. The details of the perturbed den-
sity and plasma potential, n, and V1, together with the £ x B velocity pattern
associated with V,,; 1, are shown in Fig. 11.8 for the time at which the trigger event
occurs, tyg. It is observed that the mode expands radially, and a channel with
strong E x B velocity convects density from the main plasma into the source-free
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Figure 11.8: Fluctuating density and plasma potential profiles reconstructed for
t = t449, when a trigger event is detected at r = 16cm, z = 0. The arrows represent
the F x B velocity pattern calculated from the instantaneous perturbed plasma
potential profile.

region. A clearly defined region, in which the instantaneous density exceeds by al-
most an order of magnitude the local time-averaged density, forms on the low-field
side, where a sheared flow layer is measured (Fig. 11.9). The shear of the £ x B
velocity makes this region detach from the mode, forming a bounded structure that
can be identified as a blob. The blob exists as a separate entity, characterised by its
own dynamics, independent of the mode. The same phenomenon, i.e. the formation
of blobs from weakly developed drift-wave turbulence, has been recently observed
in a linear magnetised helicon device [115]. It was also observed on TORPEX for
Helium plasmas and a similar experimental scenario, with a high B, value [69], al-
though the analysis was limited to density signals.

Note that for ¢ = t,,;, the reconstructed structure is located at z ~ —10cm (Fig. 11.8),
while the reference probe is at z = 0. This vertical displacement, roughly equal to
mRyB,/B,, is due to the toroidal separation of ~ 180° between the reference probe
and SLP, used for the boxcar-averaging reconstruction. It indicates that the struc-
tures are elongated along B, as confirmed by measurements done in the toroidal
direction by rotating SLP around its axis [104], and similarly to observations in the
scrape-off layer of tokamak devices [118].

At present, the cause of the growth and radial expansion of the mode is still un-
der investigation. A dependence upon the instantaneous value of the density (or
pressure) gradients in the region in which the instability originates, regulating the
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Figure 11.9: (a) Density profile for B, = 2.3mT. The arrows represent the time-
averaged E x B velocity pattern. The drift velocity is maximum at r ~ lem (b),
and strongly sheared for r ~ 2cm (c).

dynamics of the mode amplitude, has been suggested [31].

In summary, an experimental scenario is identified on TORPEX, for which blobs,
originating from a plasma instability, propagate in a source-free region. These struc-
tures are detected in the ion saturation current signals of electrostatic probes as
intermittent spikes, or bursts (Fig. 11.6). Similar features are commonly observed
in the SOL of tokamaks [38][6][14][118][33], stellarators [94], reversed field pinches
[99] and linear devices [1][15]. The blobs appear as poloidally localised filaments,
elongated in the direction of the magnetic field [119] and propagating radially across
the magnetic field. The interest for this type of phenomena resides in the particle
and energy carried by the blobs, which may lead to localised power loads for plasma
facing components, and in general degrades the confinement properties of the de-
vice. In the following Section, I discuss the nature of the flux related to macroscopic
plasma structures, with respect to the fluctuation-induced flux (Chap. 10).
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11.3 Flux ordering and interpretation of the ex-
perimental results

In this Section, I identify three terms which contribute to the total particle and
heat fluxes along and across the magnetic field, corresponding to different physical
mechanisms. I discuss below the possibility of ’ordering’ the different contributions
to the flux, with the goal of separating terms, that are measured separately, and are
associated with specific physical mechanisms. This ordering, which is not based on
a rigorous mathematical derivation, provides a general guideline for the discussion
in the next Section. In particular, the different quantities are divided into a time-
averaged part plus a time-varying part. The latter is assumed to be dominated by
linear terms, and the expansion can be truncated at the first order.

11.3.1 Flux ordering

The flux related to macroscopic structures has different origin and properties com-
pared to the fluctuation-induced flux. Starting from the general definition of the
particle flux

T = (no) (11.1)

the different contributions to I' are:

o Time-averaged total flux:
T, = o, (11.2)

By definition, this is the zero-th order flux.

o Fluctuation-induced fluz:
For electrostatic fluctuations,

Ef = <n12E1xB>t (11.3)

Here (...); denotes a time average over at least one period of the instability.
The term vy , p is the £ x B velocity calculated from the perturbed electric
field, £, = —VV,;1. Similarly, the fluctuation-induced heat flux is

3 3
Q= §n0<T12E1xB>t+§T0<nlﬂE1xB )t (11.4)

where the two terms in the right-hand side represent the conductive and con-
vective contributions [46].
Both Iy and @ are, formally, second order fluxes.
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o Structure-related flux:
Estr = <n5t7" ystr)”’ (115)

where ng, and v, are the average density and velocity of structures whose
trajectory passes through a specific location, and the brackets (...),. indicate
the average over the ensemble of trajectories (Sec. 8.6).

The order of Iy, is between that of Iy and that of I';. Based on the fact
that ng, corresponds to a deviation from the time-averaged value, while no
background substraction or other conditions are imposed on v,,,., one can refer
to L'y, as a first order flux.

stro

T

11.3.2 Interpretation of the experimentally measured fluxes

Starting from the observations made in the previous Section for the three regions
(main plasma, transition region and source-free region), the interpretation of the
experimental results in terms of fluxes is discussed below for the two methods that
have been introduced before.

Combined CAS-boxcar method

The fluxes are calculated from Egs. 11.3 and 11.4, with n; and V},;; reconstructed
by the CAS-boxcar method. If the perturbations to an equilibrium state are oscilla-
tory, i.e. can be regarded as the superposition of independent Fourier components,
they lead to the fluctuation-induced flux. This happens in the main plasma region
(Fig. 11.10). In the transition and source-free regions, perturbations are due, at
least in part, to isolated macroscopic events, which propagate with a macroscopic
velocity. In this case, the measured L', represents only a fraction of the total flux
related to the perturbations.

Structure analysis

Depending on the threshold value used to define a structure, oy, different contri-
butions to the total flux can be accounted for by the structure analysis. Referring
to the sketch of Fig. 11.11, we identify three possibilities:

1. A single coherent mode, advected by a background velocity wvp_., is present?
(Fig. 11.11a). The density signals measured at different positions, with a
skewness S = 0, are symmetric with respect to the mean value (Fig. 11.11d),

2Here and in the following point we assume that the phase velocity of the mode in the plasma
frame is negligible compared to vy, ..
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and the contributions £ng, v, in Eq. 11.5 cancel out. In the limit? oy —
0, we have that the two different quantities coincide and L'y, — I';. This
situation represents the ideal limit in the main plasma region.

2. A superposition of modes, advected by a background velocity vy ., is present
(Fig. 11.11b). The density signals measured at different positions have S # 0,
i.e. they are asymmetric with respect to the mean value (Fig. 11.11e). By
raising o4, above the maximum values for signals with S < 0, only negative
structures are detected. Specular considerations hold for o;,; below the mini-
mum of signals with S > 0, when only positive structures are detected. The
measured structure-averaged flux is representative of the behaviour of struc-
tures with a well defined polarity, advected by vg .. In the limit o4y — 0 we
have, again, that I';;, — L';. This situation represents the real case for the
main plasma region, where a number of unstable modes are generally observed.

3. Only isolated blobs, moving with a velocity v, are present (Fig. 11.11c).
The density signals, with S > 0, show intermittent spikes (Fig. 11.11e). The
measured flux, [',,., represents the total flux carried by the structures, in-
dependently of the value of o,;. This situation is present in the source-free
region, where no unstable modes are observed, and I, loses its meaning.

3The term 02, = 1/MN Zi\il Zjvz1 5nfj represents the total standard deviation, see pag. 204.
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Figure 11.10: Top: Density (green) and plasma potential (red) perturbations during
and after the detachment of an isolated plasma structure. The solid and dashed
lines indicate the iso-contours at 90% and 70% of the local maximum of n and
Vpi. The arrows represent the instantaneous E; x B velocity. Note the finite phase
between n and Vj; cells, responsible for the measured I';. Bottom: Comparison of
the instantaneous patterns of Ey x B (black) and F; x B (red) velocities, showing
that [vg,. sl ~ [Vg, x5l
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Figure 11.11: Interpretation of the measured structure-related flux for regions where
a single mode (a), a superposition of modes (b) and an isolated blob (¢) are present.
The scenarios (b) and (¢) correspond to the main plasma and the source-free regions.
The density signals (coloured dots in (a),(b) and (¢)) that would be recorded by
probes are shown in (d), (e) and (f).
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11.4 Measurements of the fluctuation-induced flux
via the CAS-boxcar method

In this Section, the transport associated with electrostatic fluctuations is investi-
gated by means of the combined CAS-boxcar technique described in Sec. 8.5. The
results presented herein refer to the two experimental scenarios discussed in Sec. 11.1.

Case B, =1.2mT

The reference probe used for the CAS analysis is at » = 14cm on the midplane,
measuring the ion saturation current. A simple threshold value is chosen to define a
trigger event, namely n, = 1.50 (Eq. 8.30). The reference signal is low-pass filtered
at bkHz to select events related with the low-frequency modes only, and possibly
simplify the analysis and the interpretation of the results. The SLP probe is moved
shot by shot to span an extended region in the poloidal cross section, with a spatial
resolution of lcm radially and 1.8cm vertically. The voltage applied to SLP is swept
at 1kHz from —20V to 5V to collect the I —V probe characteristics, from which the
two-dimensional time evolution of the plasma parameters is calculated.
Macroscopic cells, representing positive and negative perturbations of the time-
averaged profiles, are visible in all the three parameters. On average, the cells
propagate upward with a velocity ~ 1km/s, consistent with the time-averaged £ x B
flow velocity. The cells are interpreted as the manifestation in the real space of the
coherent modes at 2kHz and 4kHz [45]. The modes are excited in the bottom half of
the cross section, where the pressure and magnetic field gradients are co-linear, then
propagate upward [80], consistently with the results discussed in Sec. 7.2. Plasma
potential perturbations lead density perturbations over most of the measurement
region, with a finite time delay between the two.

The time delay between potential, density and electron temperature fluctuations,
corresponding to a non-zero phase angle in the Fourier representation (Eq. 8.23),
may lead to net particle and energy fluxes [45]. A complete reconstruction over
most of the cross-section of the two-dimensional fluctuation-induced particle flux,
calculated with Eq. 11.3, is presented in Fig. 11.12. The magnitudes of the radial
and vertical components of the flux are comparable. The resulting pattern shows
an inversion in the radial direction in the region of maximum density gradient. The
vertical component, I',, changes sign at r =~ 10cm, where a strong shear of the
time-averaged E x B drift is measured. In general, higher fluxes are measured in
the bottom regions of the cross-section, where the modes are destabilised and reach
their maximum amplitude. As discussed later, the reduction of I'y in the upper
half is associated with a turbulent spreading of the modes in regions with strong
electric field and sheared E x B flows (see [81] and references therein), leading to a
reduction of the mode amplitude and a decorrelation between density and potential
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Figure 11.12: Fluctuation-induced particle flux, measured by means of the combined
CAS-boxcar techniques, for B, = 1.2mT. The flux pattern is shown on top of the
density profile. Two CAS-boxcar reconstructed density traces are also presented for
two positions.
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fluctuations.

Compared to the fluctuation-induced flux obtained through Fourier decomposition
(Chap. 10), the radial component, I',, is ~ 20 times smaller. The qualitative be-
haviour at the midplane, for which a direct comparison is possible, is similar, with
a flux directed prevalently outward. The discrepancy in the quantitative values can
be partially ascribed to the CAS method, which implies an average over multiple
realisations and a smoothing effect on the reconstructed n(t) and V,,(¢) [5]. More-
over, the finite auto-correlation time of the measured signals, of ~ 500us, leads to
a gradual decorrelation in time with respect to the trigger event. Assuming that
only signals centred in a time window of £250us around the trigger event are well
reconstructed, a factor ~ 4 in the flux is recovered, but the discrepancy with the
results from the Fourier analysis remains.

The results for the heat flux (Eq. 11.4), presented in Fig. 11.13, indicate that @ is
dominated by the convective term, i.e. @ ~ 3 /2Ty Ly. This is due do the fact that
T, /Ty < ni/ng, with electron temperature fluctuations in phase with potential fluc-
tuations. Therefore, heat is transported by net particle fluxes rather than induced
by electron temperature fluctuations themselves.

From this analysis in the real space it is not possible to separate the contributions
of the different modes to the flux. Note that, for this specific case, the three modes
have frequencies (2kHz, 4kHz and 12kHz) which are roughly multiples of each other.
If there exists a coherent phase relation among the modes, as evidenced by recent
measurements for TORPEX plasmas [81], their features are reconstructed in the av-
erage traces, despite the low-pass filter applied to the reference signal. The scenario
discussed in the next Section is more suitable for the interpretation of the results in
terms of single spectral components.

Case B, =2.3mT

In this case, the reference probe is at r = 16cm on the midplane, in the ’source-free’
region, which extends from r =~ 10cm to the walls. The threshold defining a trigger
event is 4o for the unfiltered reference signal.

Figure 11.14 illustrates the results for the particle flux, which is directed outward,
from the region of maximum density to the 'source-free’ region on the low-field side,
consistently with the analysis in Fourier space (Fig. 10.5). The radial flux is here
underestimated by a factor &~ 5. The reversal of the vertical flux, already observed
for the case with B, = 1.2mT, occurs at r = 0 in the region of strong electric field
and shear of the F x B drift velocity.

A negligible radial flux is measured in the source-free region. The density decreases,
indicating that other mechanisms are responsible for the particle loss. From a quali-
tative comparison with the results obtained in Chap. 9, e.g. in Fig. 9.10, we conclude
that in this region the total flux is dominated by the flow along the magnetic field.
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Figure 11.16: Instantaneous radial and vertical fluctuation-induced fluxes measured
in the main plasma and in the source-free regions.

The possible contribution to the radial flux from blobs propagating in this region
(Sec. 11.2), is investigated in the next Section. The results for the fluctuation-
induced heat flux, summarised in Fig. 11.15, confirm that ) is mostly due to particle
fluxes, similarly to the case with lower B, discussed previously.

Results very similar to those illustrated in Figs. 11.14 and 11.15 are obtained with a
reference probe located in the region —5 < r < bem at the midplane, where the co-
herent mode dominates the plasma dynamics. This highlights the tight correlation
between the intermittent structure and the coherent mode, from which the structure
originates.

Differences are observed for r > 5cm, where the intermittent events have amplitudes
higher than the background profiles. A positive radial particle flux is measured
here, as shown in Fig. 11.16. The vanishing flux observed in the upper half of the
cross-section for » > 5Hcm is consistent with the advection of blobs, detected by the
reference probe at z = 0, by the time-averaged E x B. Blobs originating at z > 0
can not be detected. After the detection of the event, the flux in the 'main plasma’
region decreases on time-scales shorter than the decay of the mode amplitude. A
possible cause for the flux reduction is a change in the phase between density and
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plasma potential. The ejection from the main plasma of structures with average
densities comparable with the background plasma would then provoke a relaxation
of the instability. The amplitude decays, preceded by a synchronisation between n
and V.

An apparent contradiction appears when the vertical flux in Fig. 11.16 is compared
with the temporal sequence shown in Fig. 11.7. The measured I', is negative, al-
though in that region the density structure moves upward, and a positive vertical
flux is expected. In fact, the ’second-order’ flux I'; = (nivg 5 )¢ can not ac-
count for the "first-order’ flux related to the moving structure, I, as discussed
in Sec. 11.3. A description in terms of 'fluctuations’ is simply not appropriate for
the isolated phenomena at play in the source-free region. In particular, the spectral
analysis described in Sec. 8.2 is misleading, and the same analysis performed in the
time domain might provide incomplete information, leading to underestimating the
flux. Other methods are more appropriate to measure I',,,, as discussed in the next
Section.

str)
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11.5 Measurements of the structure-related flux
via the ’structure analysis’

In the previous Section it has been observed that the fluctuation-induced particle
transport can not account for the total effective flux in the presence of blobs, as
the two quantities originate from different physical mechanisms. In this Section the
statistical analysis of structures dynamics, described in [68][67] and summarised in
Sec. 8.6, is applied to the two cases analysed in the previous Chapters. The analysis
is based upon data from HEXTIP (Sec. 3.4), with a spatial resolution of 3.5cm.
The threshold level to define a structure is set equal to § times the ’total standard
deviation’

M N
oty =1/MN >N on, (11.6)
i=1 j=1
where 0n;; is the matrix of the density signals [68], after the local background (i.e.
time-averaged) values have been subtracted. We have chosen the values 5 = 1 and
B = 0.1 for the cases B, = 1.2mT and B, = 2.3mT, respectively. Note that a small
[ is required to capture structures with low density, and to increase the statistics
for the far low-field side regions, especially for the case with B, = 2.3mT. Only
structures lasting more than 40us are included in the analysis.
Most structures are found where the amplitude of the coherent modes is maximum
(Fig. 11.17). Their typical size is consistent with the measured wavelength of the
modes in the poloidal cross-section. This allows one to conclude that where the
instabilities are present, the statistical analysis essentially captures their features
in the time-space domain (Sec. 11.3). For example, the structure trajectories cor-
respond to the background E x B drift pattern, compatibly with the convection
direction in the laboratory frame. Differences are observed at the far low-field side,
where the structures propagate essentially in the radial direction, whereas the time-
averaged vy, 5 is directed upward. It has been shown in the previous Sections that
the density dynamics in this region is dominated by isolated intermittent events
(blobs), rather than by coherent fluctuations. In practice, this is clearly visible for
the case with B, = 2.3mT, where the measurement region in which the blobs can
propagate is much broader than for B, = 1.2mT (Fig. 11.17).

The ensemble-averaged flux calculated trough the statistical analysis, I',,,

Estr = < Nstr Ustr > (1 ]'7)

where the brackets indicate the average over the ensemble of structures detected at
each specific location, ng, is the average density of each structure and vy, its total
velocity [68].

The particle flux evaluated via the structure analysis for the two experimental sce-
narios under investigation are illustrated in Fig. 11.18. For B, = 1.2mT, the flux

18
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reflects the pattern of the trajectories in regions where the instabilities are present.
The structures, identified here as the unstable waves, flow upward and the corre-
sponding vertical flux dominates with respect to the flux across the magnetic field.
For B, = 2.3mT, the trajectories and the flux pattern are clearly different, because
of the lower threshold used to define a structure (Sec. 11.3).

For both experimental scenarios, in the outer region to the low-field side, the
structures analysis indicates that the flux is radially outward, with a small ver-
tical component for r > 12cm (Fig. 11.19). Note that for the high-B, case there
is a qualitative consistency with the results from the boxcar method, from which
['; ~ 10"m~2s7!, although no instabilities are present, as discussed in Sec. 11.3. We
find here Iy, < 10"¥m™2s7!, i.e. Ty, > T4, confirming that in the source-free region
the radial transport is ascribed to the propagation of blobs, ejected from the main
plasma. For r > 10cm, L', is uniform along z, suggesting a uniform probability of
blob ejection from the mode during its vertical motion.

The two-dimensional pattern of the structure-related flux provides information on
the blob dynamics. Consistently with the observations made in tokamaks [119] and
linear devices [15], the blob velocity is dominated by the instantaneous, total vg, g,
to which two terms contribute. The first term, vy, . 5, comes from the background
electric field, and is essentially vertical for the experiments described herein. The
second term, vg . p, is due to a VB-induced polarisation of the blob, producing
a vertical electric field, hence an E x B velocity component in the major radius
direction [55][35]. Referring to Fig. 11.19, we find |vg, . 5| ~ |vg 5| for r > 10cm,
where the blobs can be actually considered as entities separated from the coherent
mode.
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11.6 Summary and discussion

In this Chapter, I have presented results from two-dimensional measurements of
the particle and heat fluxes, based on the combined CAS-boxcar method and the
structures analysis. Two experimental scenarios were investigated in detail, corre-
sponding to two different values of the vertical magnetic field. Three plasma re-
gions are identified, namely a 'main plasma’ region where unstable modes develop,
a 'source-free’ region where isolated plasma structures, or blobs, are intermittently
observed, and a ’transition region’ between the two, where coherent modes and in-
termittent events co-exist. The blobs are clearly observed to originate intermittently
from the mode. I have identified a ’SOL-like’ experimental scenario, in which a phe-
nomenon usually observed in the tokamak SOL, namely the intermittent ejection
of high-density plasma structures from the main plasma into the source-free region,
has been been investigated.

I have discussed the different nature of the fluxes related to instabilities and to
blobs, along with the implications for the interpretation of experimental results.
The experimental results show that in the main plasma the fluctuation-induced par-
ticle flux is radially outward, independently of the specific character (drift waves or
interchange modes) of the dominant unstable modes. The heat flux, with a negligi-
ble contribution from conduction, is almost purely convective. It is shown that in
the source-free region the cross-B particle flux is mainly determined by the radial
motion of blobs ejected from the main plasma, and propagating with the total, in-
stantaneous F x B velocity. The implications of these results, which are at the core
of the subject of this Thesis, are discussed in Part IV.
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12.1 Summary

This Thesis work addresses two major subjects of research in plasma physics, the
plasma production mechanisms by injection of microwaves and the question of the
different contributions to the cross-B transport of particles and heat, from fluctua-
tions and related turbulent structures.

The first subject is discussed in detail in Part II, where the basic interaction mecha-
nisms between the injected microwaves and the plasma are identified. In particular,
the different role played by the electron-cyclotron and upper-hybrid plasma reso-
nances in the absorption of the microwave power have been highlighted. The effects
of the plasma-wave interaction are investigated at a deeper level by measuring the
electron distribution function. Two goals have been achieved. First, a semi-empirical
model for the plasma particle source term has been developed, to be used in numer-
ical codes for simulating the plasma dynamics in realistic scenarios. Second, it has
been possible to relate the properties of the time-averaged plasma profiles to the
plasma production mechanisms. By doing so, we have identified a set of ’control
parameters’, such as the injected microwave power and the vertical magnetic field,
to vary in a systematic way the plasma profiles and related quantities, e.g. the
gradient scale-lengths, which are relevant for the study of plasma instabilities and
associated transport.

The study of particle and heat transport is described in Part III. A number of exper-
imental and analysis techniques have been deployed to identify and quantify different
specific contributions to the total fluxes. In particular, a method based on the com-
bination of conditional-average sampling and boxcar-averaging techniques has been
developed. Such method allows one to reconstruct the two-dimensional temporal
behaviour of density, electron temperature and plasma potential. The results show
that, in addition to the time-averaged flows, two distinct mechanisms are responsible
for the transport across the magnetic field, associated with low-frequency unstable
drift waves and interchange modes and with intermittent, high-density plasma struc-
tures - or blobs. These findings might contribute significantly to the understanding of
similar phenomena, which are thought to be at the origin of the so-called anomalous
transport, commonly observed in fusion-oriented devices.
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12.2 Discussion

As discussed in the Introduction, significant progress in the understanding of the
anomalous transport of plasma particles and heat across the magnetic field can be
achieved by addressing the following general issues:

1. What is the relative contribution to the cross-B flux from correlated density
and potential fluctuations, associated with unstable modes, and from isolated
intermittent events (blobs)?

2. Which modes are the most relevant for transport?
3. How do blobs originate, and which mechanisms determine their dynamics?
4. Is there a direct link between unstable modes and blobs?

In this Thesis work, I have provided answers to these questions in a simple magne-
tised plasma experimental scenario, which retains the ingredients that are relevant
for anomalous transport in magnetic fusion devices, i.e. pressure gradients and cur-
vature of the magnetic field lines. In such configuration it is possible to characterise
over the whole poloidal cross-section the time-averaged plasma profiles, the unsta-
ble modes that develop on top of them, and the basic plasma production and loss
mechanisms. The knowledge of these quantities represents a necessary background
for transport studies for two main reasons. First, it enables the comparison between
the experimental results and the outputs of numerical codes to reach a quantitative
level. Second, it facilitates the interpretation of the experimental results, providing
information on derived quantities such as E x B drifts, particle confinement time,
space and time scales of fluctuations.

For example, the semi-empirical model for the time-dependent particle source term,
developed in Chap. 5, could be included in a two-field fluid code for electrostatic
turbulence simulations, such as a specific adaptation to TORPEX [67] of the ESEL
code [34]. By doing so, a closer similarity between the real experiment and the sim-
ulation can achieved, and ad hoc boundary conditions with constant particle fluxes
[95] or fixed gradients [34], can be avoided. This would permit one to benchmark
extensively the code, which must be able to reproduce basic features, such as the
time-averaged profiles. Since for fluid codes long runs are possible, extended time-
series of density and potential from 'virtual probes’ can be recorded. This permits
direct comparisons between experimental and numerical results in terms of:

e Statistical properties, via the probability density function of the signals and
its moments, e.g. skewness and kurtosis.

e Spectral features, such as frequency and wave-number spectra, decay index
and non-linear interactions between different spectral regions.
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e Development of turbulence and macroscopic structures from unstable modes.
e Fluctuation-induced and structure-related fluxes.

In the experiments reported herein, two distinct contributions to the cross-B flux
have been identified and quantified, apart from the direct losses along B that are
specific to the TORPEX layout (Chap. 9). These contributions are related to den-
sity and potential fluctuations, caused by unstable coherent drift and interchange
modes, and to blobs, carrying density and heat across the magnetic field. Either
mechanism responsible for the cross-B flux dominates in different plasma regions.
This has been highlighted in a particular experimental scenario obtained with a high
value of the vertical magnetic field, the so-called SOL-like configuration, reproduc-
ing some of the phenomena of a tokamak scrape-off layer (Sec. 11.1.2). In this case
a main plasma region and a source-free region, connected by a transition region, can
be clearly separated, for example on the basis of the different statistical properties
of density fluctuations. A dominant contribution to the total cross-B flux from the
fluctuation-induced and from the blob-related fluxes is characteristic of the main
plasma and of the source-free region, respectively.

The fluctuation-induced flux is maximum in the main plasma, where drift and in-
terchange modes are destabilised by the pressure gradients and by the curvature of
the magnetic field (Sec. 7.2). Contrary to the predictions of linear theories, a non-
vanishing flux is also measured for pure interchange modes. In fact, similar values
of the phase between density and plasma potential fluctuations are measured for
drift and interchange modes, which are in a saturated state with large amplitudes
of density and potential fluctuations. For these conditions, the common approach
of classifying the observed instabilities and of predicting their potential effect on
transport on the basis of the measured phase between density and potential can
be misleading. The generalisation of these results to other devices and other ex-
perimental configurations is a question for theory. Note that the role played by
collisions, including those with neutrals, and by the finite connection length of the
magnetic field lines should also be considered in the theoretical models used for the
comparison.

It is observed that the fluctuation-induced flux decreases in regions of strong electric
field, also characterised by a strong, sheared E x B flow. This determines a spread-
ing of the unstable modes, via non-linear interactions in the frequency-wavenumber
domain [81], which reduces the correlation and alters the phase between n and V.
The role of sheared flow layers in reducing the cross-B transport is already known
from a number of experimental observations [73][49].

In general, the radial extension of the unstable modes is ~ 5 — 10cm, i.e. larger
than the characteristic gradient scale-lengths of the time-averaged plasma profiles,
which makes the interpretation of the measured fluxes in terms of diffusive pro-
cesses misleading. This limit case makes TORPEX scenarios a stimulating testbed
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for theoretical interpretations, which should be based on non-local, non-diffusive
mechanisms. Transport models based upon a generalised probabilistic approach,
developed in the past years [107], may be suitable for describing these complex sce-
narios.

In the source-free region, the cross-B transport is mostly due to blobs propagating
radially outward. The average density associated with a blob is comparable with
the value measured in the main plasma, indicating that blobs represent an efficient
channel for particle losses. The mechanisms behind the blob propagation have been
investigated (Sec. 11.5). The "background’ plasma flows seem to affect considerably
the final direction of blob propagation. This may have an important impact in
transport reduction. For example, a strong poloidal flow in a tokamak SOL would
limit the radial blob propagation, hence the heat and particle fluxes to the walls.
In the transition region, unstable modes and blobs coexist. Their tight interlink
has been clearly demonstrated in Sec. 11.2. Similar observations have already been
made in a number of experiments [115][69], but the experimental information about
the blob formation mechanism was incomplete. The results presented in this The-
sis provide a direct evidence for these mechanisms, showing that blobs originate in
TORPEX plasmas from the radial expansion of unstable modes, which are then
sheared off by a strong E x B flow. The driving mechanism for the growth of the
mode has not been unambiguously identified yet, although there are strong indica-
tions about the role of the instantaneous density (or pressure) gradients [31].
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12.3 Open questions and outlook

The results on basic transport mechanisms discussed in this Thesis open the way to
further experimental studies and stimulate more discussions between experiments
and theory. The most relevant points are:

e What is the drive for the intermittent growth of a drift or interchange mode
and its subsequent radial expansion into the source-free region, originating the

blobs on TORPEX?

e Can this be considered a general feature of magnetically-confined plasmas,
with different instabilities playing the role of 'blob precursor’, represented on
TORPEX by drift and interchange modes?

e Can one control the blob generation rate and size, for example by acting
on the precurring instabilities and/or on the instantaneous vy, 5 shear rate?
Experiments in this direction have already started on TORPEX, by using a
movable antenna [23] and a convenient modulation of the injected microwave
power to perturb actively the local plasma dynamics (see below).

e We have shown that the results for the cross- B transport can not be, in general,
adequately described in a diffusive/convective framework. Transport models
based on a wider class of transport mechanisms [107][93] would be more ap-
propriate. The experimental flexibility of TORPEX may represent an ideal
testbed to benchmark numerical codes and theories aimed at relaxing the stan-
dard diffusive-convective assumptions.

e The fluctuation-induced and blob-related fluxes originate from substantially
different physical mechanisms (Sec. 11.3.2). Particle and heat transport act
through different quantities, separated on the basis of the experimental evi-
dence through a tentative ’ordering’ (Sec. 11.3). Experimentally, the fluctuation-
induced flux can be known from local (ideally, single-point) measurements of
the fluctuating density and potential, while the structure-related flux is cor-
rectly measured only by knowing its macroscopic dynamics. Techniques pro-
viding simultaneous information on both quantities, for example by combining
measurements from probes and 2-D imaging devices, are required to improve
the experimental characterisation of anomalous transport phenomena.

In conclusion, this Thesis work represents a significative contribution to the un-
derstanding of the transport mechanisms at play in magnetised toroidal plasmas.
A clear relationship between instabilities and turbulent phenomena (for example,
blobs), and their effects in terms of cross-B transport of particles and heat, have
been established and investigated in detail. Similar phenomena are at play, under
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more complex experimental conditions, in fusion-oriented devices. This confirms the
relevance of basic experiments for a better understanding of anomalous transport,
to be pursued through a comprehensive comparison of results from theoretical, nu-
merical and experimental plasma physics. For example, progress toward a direct
comparison between TORPEX results and a 3D fluid code has been achieved with
the ESELTPX project [67], mentioned in the previous Section.

The capabilities of devices like TORPEX in terms of two-dimensional reconstruc-
tions of the parameters characterising plasma profiles, instabilities and phenomena
like the blob generation, have been extensively demonstrated in this Thesis work.
Nonetheless, further improvements are possible by combining and refining different
experimental techniques already in use on TORPEX.

The structure analysis (Sec. 8.6) could be extended to the non-perturbative mea-
surements obtained with a recently purchased high-resolution fast camera (Sec. 3.4),
shared between TCV and TORPEX. It would be possible, for example, to compare
results from TORPEX plasmas in the SOL-like scenario with those from a real toka-
mak SOL.

The construction of new probes is already planned to extend the measurements of
the fluctuation-induced flux, in both radial and vertical directions, over the entire
cross-section. This would allow one to compare more extensively the results obtained
by the Fourier analysis (Sec. 8.2) and the combined CAS-boxcar method (Sec. 8.5).
The established link between unstable modes, blobs and cross- B transport stimulates
experiments aimed at an active control of instabilities and turbulent phenomena. A
project has already started to excite, and act on, electrostatic instabilities via a
movable antenna [23]. A non-intrusive method for affecting the transport could
be based on the fact that the unstable modes extend radially across the upper-
hybrid resonance (Sec. 11.1.2). It has been shown, e.g. in Figs. 8.11 and 9.8, that
a high-amplitude, fast variation of the injected microwave power can perturb the
local plasma parameters, in particular the plasma potential. By modulating the
microwave power synchronously to the early phase of the blob formation, it could
be possible to induce its premature detachment, thus mitigating the transport as-
sociated with the blobs.
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TORPEX plasmas are produced by injection of microwaves in the EC range of
frequency. The microwave source is then a crucial component, which, after its first
commissioning in 2002, has been subject to a number of upgrades and modifications.
In this Appendix, I describe the microwave generator system and the modifications
implemented during the course of this Thesis.

The different subsystems are described in Sec. A.1, where the main parameters and
capabilities of the system are summarised. The main upgrades of the original system
are detailed in Sec. A.2

A.1 Hardware layout

The TORPEX microwave generator system can be divided into three main parts:
e Microwave source.

e Timing and control unit, including the measurements of operational parame-
ters such as injected and reflected power, state of the device and faults.

e Transmission line, delivering the microwave power to the vacuum chamber.

Microwave source

The TORPEX microwave generator system is based on a commercial magnetron
source, manufactured by Muegge Electronic GmbH (DE). A schematic of the system
is shown in Fig. A.1. The power is stored in a capacitor bank connected to the 380V
network through a rectifier bridge. The capacitor bank provides a voltage source at
14kV. The current drawn from the capacitors is controlled by the voltage applied
to the grid G1 of a tetrode tube!. The grid G1 is driven by the ’Endstufe G1’
board, which amplifies the low-voltage control signal supplied by the control unit.
The tetrode acts as a current source controlled by the voltage applied to G1. A
second grid, G2, is used to minimise the spurious capacitance between G1 and the
cathode, and is polarised to a constant voltage. The microwaves are produced by
a magnetron tube?, conveniently coupled to the transmission line. The amount of
delivered power depends on the current flowing through the tube. Referring to its
technical documentation®, the tetrode tube operating point is:

- Grid G2 voltage : 780V

IThe tetrode is a EIMAC 8281/4CX15000A tube.

2A CTL - 20kW CW S-band magnetron, model CWM-208.

3The notation used in the Microwave System technical manual is adopted throughout this
Appendix.
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Figure A.1: Layout of the high-power part of the microwave generator system.
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- Grid G1 voltage : from -240V to OV
- Max anode current ca. 7.5A

Parameter Nominal value
max power 50kW (up to 100ms), or
5kW - CW

typical discharge length <2s
frequency 2.45GHz +20MHz
ripple < 1%
modulation depth 0 — 100% (min. 200W)
modulation frequency < 20kHz (square)

< 100kHz (sinusoidal)
rise/fall time 10us typical
cooling forced air (power supply)

demineralized water (magnetron head, circulator)

efficiency 60%

Table A.1: Main parameters of the microwave generator system.

Control unit

The control unit is responsible for the timing, the operation of the microwave source
during the discharge and the measurements of the relevant parameters. Most of
these components are physically grouped inside the power supply cabinet into a
‘magnetron slave unit’, developed at CRPP and integrated with the original control
[60].

The injected and reflected power are measured on the transmission line by two RF
diodes installed on a bi-directional coupler.

A number of signals monitor the state of the system during the operation. Interlocks
connected to temperature sensors and flow-meters avoid over /under temperature of
the system.

Transmission line

The transmission line (Fig. A.2) is made of two straight sections, a transition from
WR430 to WR340 waveguides, a step twist and the pressure window. An adapter
DN100-CF — DN160-ISO-K (not shown in the figure) is included in the final design
to fit the standard flanges installed on TORPEX.

A dual directional coupler is installed on the waveguide to sample the forward and
reflected power with an attenuation of —60dB. The signals are measured by RF



A.1. HARDWARE LAYOUT 223

diodes, pre-amplified at the output of the diodes and sent to the magnetron slave
unit and to the acquisition boards, where they are acquired at 250kSamples/s.

Pressure window
DN100-CF flange

Straight section
WR340

Step twist

flanges
WR340

Transition
WR430 -> WR340

Figure A.2: Transmission line, connecting the microwave source to the TORPEX
vacuum chamber.
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A.2 System upgrades

During the first few years of operations of TORPEX the microwave system has been
subject to a number of modifications and improvements. The modulation capabili-
ties were limited to a 0 — 100% modulation amplitude, with a modulation frequency
up to a 100H z only. To overcome these limitations, a new control circuitry has been
developed, partly by-passing the original one.

Technical details are included in the following Sections, intended to provide quick
reference on the properties of the microwave generator system. The complete tech-
nical documentation is found in the magnetron Manual.

A.2.1 Safety

Microwaves at 2.45GHz may cause severe injuries to the human body?, therefore
a particular care is spent in limiting the possibility of releasing microwaves in the
TORPEX laboratory hall. This is mainly achieved by connecting an interlock to
the door of the TORPEX experimental zone, so that no microwave pulse can be
accidentally launched if the door is open, e.g. if people are working inside the
zone. Other interlocks are connected to the doors of the microwave power supply
and of the magnetron head cabinets, in which high voltage may be present during
operations. An emergency button has been installed at different locations in the
laboratory, including the TORPEX control room, by which all the systems can be
instantaneously switched off in case of a major problem.

Apart from human safety, the system is protected against major hardware failures.
The status of the cooling system is monitored, and an error is produced if the
temperature and/or the flow are not within the nominal range. In particular a
temperature sensor, installed on the pipes carrying cooling water to and from the
magnetron head, is used to stop the operations if the water temperature drops below
~ 18°C to avoid condensation inside the magnetron head.

Monitoring of the microwave level in the laboratory

The design of a microwave area monitor has started, in collaboration with J. Rossel
and A. Diallo [90]. It is aimed at monitoring the level of microwave power dispersed
in the TORPEX hall, and will be connected to an alarm which indicates when the

4Information on the risks related to the use of microwaves and the guidelines for limiting the
exposure to non-ionising radiation are well documented on the ICNIRP (International Commission
on Non-ITonizing Radiation Protection) web-site: <http://www.icnirp.de/>.
The Swiss law which applies to installations exploiting microwave radiation for research purposes
is found in the decree 814.710 by the Swiss Federal Council, released on 23 December 1999 (french
version only, Ordonnance sur la protection contre le rayonnement non ionisant - ORNI)
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WWaves

aﬁ N/

antefinas
alartn

detectots

Comparator

Figure A.3: Schematic of the microwave area monitor.

The device is composed of three antennas, measuring the intensity of the microwave
field along the three possible axes of polarisation (Fig. A.3). The signals, detected by
microwave diodes, are summed together and sent to a comparator. When the level
of the total signal exceed a pre-defined threshold, an alarm is activated, indicating
that the maximum allowed level of microwaves is exceeded.

A.2.2 Integration with the TORPEX subsystems

The microwave system was integrated with the TORPEX subsystems (e.g. mechani-
cal structure, cooling system, mother-clock, acquisitions, ...) during the construction
of the machine. Because of the low power consumption involved, the microwave
generator is directly connected to the standard electrical network. A mechanical
support was designed taking into account possible changes in the transmission line
layout, implying a variable distance between the magnetron head and the machine.
The position of the magnetron with respect to the vacuum chamber can be finely
adjusted by means of screws.

The cooling of the magnetron head system is provided by a closed circuit employing
demineralised water. The existing infrastructures of the CRPP were adapted to fit
the requirements of flow and feeding pressure at the input of the magnetron head.
The power supply, where the capacitor bank and the high-voltage tetrode tube are

5The limits for radiation between 2 and 300GHz are 50Wm™2 for occupational exposure and
10Wm~2 for general public exposure (from the ICNIRP Guidelines). The latter value should be
taken as reference for the maximum intensity in the laboratory.



226 APPENDIX A. TORPEX MICROWAVE GENERATOR SYSTEM

located, is cooled by forced air flow. The noise generated by the huge fan cooling
the tetrode has been considerably reduced by a convenient system of acoustically
insulating chicanes.

Most of the integration work of the microwave system with TORPEX concerned the
timing and the acquisition of the relevant control signals. In general, each subsystem
of TORPEX is controlled by a slave unit, connected to the main bus (based on a
Bitbus protocol) through which commands and instructions are sent from remote
[60]. The magnetron slave unit has three main functions, as detailed below: control
of the timing, control of the waveform and measurements of the relevant signals from
the system. The implementation of the software required to set up the discharge
parameters from remote is shortly discussed.

Timing

The timing is imposed by the TORPEX mother-clock by means of two ’on-off’
signals. A ’slow’ on-off give the start and the stop for the charge-up of the capacitor
bank, see Fig. A.4. This phase lasts for about 10s. Once the capacitors are charged,
the ’fast’ on-off defines precisely the time window of the plasma discharge. Within
this time window, a function generator delivers the low voltage signal that controls
the power level.

The on-off signals are supplied by two independently adjustable counters, installed
inside the magnetron slave. The input values for the counters are loaded from the
graphical user interface (GUI) before the discharge. A third signal is used to trigger

the waveform generator which provides the waveform for the present discharge (see
below).

Waveform

The waveform of the injected power is set before the discharge through the control
GUI. Different basic waveforms can be selected, such as constant, sinusoidal, linear
ramp, square (Fig. A.5). The relevant parameters (amplitude, frequency, duty cy-
cle) can be arbitrarily adjusted, compatibly with the limitations of the microwave
hardware system.

The selected waveform is sent to the magnetron slave unit through the BitBus, and
finally loaded into the waveform generator® volatile memory via a RS-232 interface
connecting the slave to the generator.

Measurements of the magnetron operational signals

The most important and delicate element of the microwave generator is the tetrode
tube. A set of measures has been installed to monitor its relevant parameters, which

6The model presently used is a Agilent 33210-A.
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Figure A.4: Example of a typical time sequence for a TORPEX discharge. The main
control signals of the microwave generator are shown, the voltages on the capacitor
bank (Uplus, Uminus and their difference Ubanc) and the voltages on the two grids,
G1 and G2. The levels of injected and reflected power are shown in the bottom

graph.
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Figure A.5: Examples of waveforms obtainable from the TORPEX microwave sys-
tem.

are acquired for normal operations on the TRCF acquisition system (sampling fre-
quency 1kHz) and on the DT-200 acquisition system (sampling frequency 250kHz).
The following quantities are measured and sent to the acquisition through a 37-pole
cable.

e Anode current, from J1:8 pin. Measured on tip5 of 37p/Sub-D

e Capacitor bank, plus voltage, from X10/12 pin. Measured on tip3 of the
37p/Sub-D

e Capacitor bank, minus voltage, from X10/11 pin. Measured on tip4 of the
37p/Sub-D

e Grid G1 voltage, measured on the grid through a 1:240 voltage divider (10k€2/2.4M).
Measured on tipl of the 37p/Sub-D

e Grid G2 voltage, measured on the grid through a 1:1000 voltage divider
(10k2/10M€?). Measured on tip2 of the 37p/Sub-D

To minimise perturbations to the system, the measurements of the anode current
and capacitor bank voltages are decoupled from the acquisition through a passive
RC circuit (Fig. A.6), with a cutoff frequency of 4.8kHz and a DC gain of 0.0909.
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Figure A.6: R-C filter used to limit the perturbations to the system through the
measures of anode current and capacitor bank voltages.

Measurements of incident and reflected power

The injected and reflected power is measured by microwave detectors installed on
the waveguide through a bi-directional coupler. The coupling factor is —60dB, with
a minimum directivity of —125dB. At present, the detectors are of the type DM-211
S-Team. Since the output signals are weak, usually below 100mV, the signals are
pre-amplified at the diode output with a gain of 21, then sent to the magnetron
slave unit, about 10m far from the measurements. The injected and reflected power
signals are used as reference for the feedback loop that controls the injected power
level (see below). From the magnetron slave unit they reach the DT-200 acquisition
system, where they are sampled at 250kSamples/s.

The typical conversion curve for a DM-211 diode is shown in Fig. A.7. The diode
has a non-linear response as a function of the measured power, which complicates
the development of a feedback control entirely based on a linear, analog circuitry.

Software developments: control GUI

The GUI" used to control most of the TORPEX experimental parameters is shown in
Fig. A.8. Concerning the microwave system control, I have provided the necessary
information to account for calibration files, and to ensure the full compatibility
between software and hardware settings. Referring to Fig. A.8, the waveform is
chosen from a scroll-bar menu and the main parameters adjusted in terms of physical
quantities such as injected power, modulation amplitude and frequency and duty
cycle. The timing is defined by the ’slow’ and ’fast’ on-offs and the waveform
generator trigger time. All the information is then loaded into the magnetron slave
unit and the buffer of the waveform generator. The system is thus ready for a
discharge.

"The interface has been integrated with the TORPEX control system in the past two years
by B. Labit, S. H. Miiller and I. Furno. The Java GUI has been developed by M. Helletzgruber
(Helletzgruber IT Solutions & Consulting).
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Figure A.7: Calibration curve for the DM-211 diode.

A.2.3 Improved control of the injected power

To improve the performances of the original system, it has been necessary to by-pass
the original control unit with a newly developed one, integrated inside the magnetron
slave unit. A first version was developed which did not include an accurate control
of the injected power, P,;, all along the discharge through a convenient feedback
system. This represented a problem, for example, for discharges lasting more than
100ms, where a decrease of the of P,y was observed due to the discharge of the
capacitor bank®.

In any case, the maximum length of the discharges was limited to 100ms by a
clamping circuit inside the original control circuit. This circuit had been installed
to limit the maximum power to 5kW of equivalent continuous operation, representing
the upper limit for the system.

Other minor problems, such as the injection of an unfiltered 50Hz component from
the power network, were present. An upgrade of the system was then necessary.
The main requirements for the new system were:

1. Stabilise the level of injected power, regardless of the discharge length.

2. Provide a bandwidth for the modulation of the injected power suitable for the
exploitation of EC modulation techniques. Increase the pulse length, possibly
up to a continuous operation.

8The discharge of the capacitor bank during a discharge has a time constant of ~ 300ms.
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Figure A.9: Schematic of the feedback control system developed to control the level
of injected power from the microwave system.

3. Guarantee the safety of the system, independently of possible failures of the
control system and/or of the software controlling the machine operation.

4. Guarantee a stable operation of the system for all the possible regimes.

These issues have been satisfactorily addressed and the microwave system operates
routinely with the improved control. Nonetheless, it is possible to revert the control
back to the original control unit for test purposes or in case of major failures of the
new system.

Feedback control of the injected power

The stabilisation of the injected power is achieved via the inclusion of a feedback
loop on the measured injected power level, Py,,.,,. The layout of the newly developed
control system is shown in Fig. A.9. The reference signal, S,.¢, provided by the
waveform generator, is summed with the measured Sipop = Sioop(Prorw), t0 generate
the error signal, e. A proportional-integral (PI) controller circuit elaborates the
signal € and drives the "Endstufe’ stage, providing the control voltage for the tetrode
tube, hence of the magnetron tube and of the delivered power, P, ;. All the circuitry
is encased in the magnetron slave unit, except for the pre-amplifiers providing the
Ptory and P,.g; signals to the feedback system.

Bandwidth optimisation and increased pulse length

The bandwidth of the system is optimised in order to keep the response stable for
the whole range of control signal amplitudes, S,.r € (0,10)V, and useful modulation
frequencies, f0q € (0,100)kHz. This is achieved by low-pass filtering at ~ 120kHz
the error signal and the measured Py and Pep. The latter represents the main
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the behaviour of the injected microwave power

level before (red traces) and after (blue traces) the implementation of the feedback
control system. (a) The pulse length is extended, ideally up to a continuous oper-
ation for injected power < 5kW. (b)-(c) The level of the spurious 50Hz oscillation
and its spectral harmonics are reduced by one order of magnitude, as results from
the power spectral density of the signals.
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source of noise, due to pick-up and amplification of electromagnetic disturbances
present in the experimental hall, which may interfere with the low-voltage output
of the RF diodes.

The present bandwidth is largely sufficient for the type of modulation experiments
performed on TORPEX. If necessary, it could be extended by adding a differential
part to the PI controller, thus providing a faster response of the feedback loop to
variations of €. As a drawback, the possibility of unstable oscillations of the circuit
is increased.

The limitation on the maximum discharge length has been removed, by imposing a
tighter constraint on the maximum available power (see below). Note that in any
case the system stops if the voltage across the capacitor bank decreases below the
critical threshold value needed for a correct functioning of the system. An example
of the improved performances of the new system is shown in Fig. A.10.

Safety against ’external’ failures

To prevent a divergent increase of the power delivered by the magnetron, the control
voltage at the input of the ’Endstufe’ stage must be kept below 10V, correspond-
ing to 50kW of generated microwave power. Despite a software check of the input
parameters is already present in the TORPEX control GUI, an hardware voltage
limitation is added in the slave unit circuitry. It is provided by clamping diodes,
which finally limit the maximum available power to 10kW.

A potential danger for the water-cooled magnetron head and for the circulator is
represented by condensation inside the magnetron head box when the water temper-
ature drops below ~ 15°C. Because of the high voltage applied to the magnetron,
this could lead to arcs and must be avoided. A thermostat, connected to a safety
interlock, has been installed on the cooling water circuit to monitor the tempera-
ture and interrupt the operations when the water temperature is outside the allowed
range (Fig. A.11). Two LEDs, on the thermostat and on the control unit, indicate
the status of the temperature controller.

Stabilisation of the system

After a major failure occurred in December 2005, the microwave system suffered from
serious instability problems, which prevented TORPEX from its normal operations.
In particular, the following components were repeatedly broken: resistors R22, R7
and fuse F39. The resistors R22 and R7 have been replaced by bigger resistors, which
can handle up to 1W and 4W of power. Figure A.12 shows the signals measured on a
oscilloscope after repair of the broken elements. The large oscillations visible on the
grid voltages led to a crash of the system within a few seconds due to an over-current.
From these signals it appeared that the system underwent spontaneous oscillations
at 14.5MHz, probably due to the excitation of a resonance. The possibility that
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Figure A.11: (a) Thermostat controlling the temperature of the water cooling the
magnetron head and the circulator. An interlock prevents the system from firing
microwaves when the water temperature is too low. (b) The water temperature is
measured by a Pt100 sensor, installed on the cooling circuit tubes.
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Figure A.12: Traces of the magnetron signals : voltage on grid G1 (yellow) and G2
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voltage across the capacitor bank (red). Note the disruptive oscillations of the grid
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Figure A.13: Blue curves: measured complex impedance seen by the anode and by
the two grids (left column: module; right column: phase). Note the resonance at
a frequency of 14.6MHz in the anode curve, responsible for the internal oscillations
of the tube. Also shown (red curve) the anode impedance after its compensation,
explained in the text.
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RC grounding between grid 2 and ground

Figure A.14: Picture of the bottom part of the tetrode tube, showing the grid G1
and some of the components that have been modified to stabilise the tube.

these oscillations were caused by the control electronics was ruled out by driving the
grid G1 directly through an ’external’ signal source, thus opening the feedback loop
of the original control system.

To identify the components responsible for the resonance at 14.5MHz the impedance
seen by the tetrode grids and anode was measured, see Fig. A.13. A resonance in
the anode impedance was identified, while the grids did not show an abnormal
behaviour. The series RC high-frequency grounding for the grid G2 (Fig. A.14)
has been removed. At present, there is only a high-voltage protection capacitor
with C' = 4.7nF. The anode impedance is compensated by adding a RC grounding
between the anode pin and ground, as shown in Fig. A.15. The values R = 471
and C' = 500pF correspond to a cut-off frequency of 6.8MHz. The results of the
compensation in terms of impedance are shown in Fig. A.13. The magnetron control
signals after this modification are clean, and no spurious oscillations are observed.

A.2.4 Future developments

An interesting feature for improving the quality of the measurements would be to
perform a feedback control on the absorbed power, P, instead of the injected
power. As explained in Chapter 4 (see, for example, Fig. 4.12), there exists a strong
coupling between the plasma density dynamics and the microwave power absorption
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Figure A.15: Picture of the top part of the tetrode, showing the series R-C elements
connecting the anode pin to ground for the compensation of the anode impedance.

mechanisms, due to the dependence f,, = fun(n). By controlling P, it would then
be possible to reduce the oscillations of the position of the UH resonant layer, where
most of the ionisation occurs (cfr. Chapters 4 and 5). The newly developed control
system can be already configured to operate with Sioop = Sioop(Porw — Prefi) =
Sioop(Paps). The results from a preliminary test, representing a proof-of-principle of
this method, are shown in Fig. A.16. The comparison between similar discharges
with the feedback on Py, and on P, is made by looking at the power spectrum
of a probe detecting a coherent mode at f ~ 2.5kHz. The signals are much cleaner
when the absorbed power is stabilised, and a reduction of the turbulent’ part of the
spectrum, between 5 and 10kHz, is observed. Unfortunately, the operation of the
control system becomes unstable as soon as the experimental conditions are slightly
changed.

At present, the nonlinearities in the closed loop transfer function do not allow to
extend further the bandwidth, and make the optimisation of the feedback circuitry
for a large set of experimental conditions difficult. A possible solution would be to
base the control circuit on digital signal processing (DSP) technology, which can
more easily handle nonlinear operations on the control signals.
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Figure A.16: Proof-of-principle of the stabilisation of the absorbed power through
a feedback loop in the magnetron control system. Two similar discharges, with a
feedback on the injected and absorbed power, are compared. (a) Power spectral
density from an ion saturation current signal, detecting a mode at ~ 2.5kHz. The
spectrograms measured during 500ms are shown for the case with control on Ppe,

(b) and on Py, (c).
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A.3 Construction of a simple test dummy load

In this Section, the construction and the use of a simple dummy load are described.
It has been used during the first tests of the microwave generator system to check
the effective amount of delivered microwave power. No direct measurements of the
incident and reflected power were available at that time. The simplicity of the
construction and the relatively good accuracy of the power measurements makes it
a good alternative to more expensive test loads.

The basic idea is to estimate the amount of microwave power delivered by the system
by means of calorimetry. The basic principles of calorimetric measurements and their
practical application are described in the following.

Dimensioning of the load

In order to avoid microwave leakage, the load should have closed metallic walls. A
cylindrical ’oil tank’, easily available at CRPP, was chosen as vessel. The load is
enclosed in a shielding box made by a metallic grid to prevent any microwave leakage
from the tank.

No detailed calculations have been made to optimise the load impedance as a func-
tion of the geometrical dimensions of the tank. Note that the isolator on the trans-
mission line can in principle withstand up to 50kW of reflected power, thus the
generator cannot be damaged even in the case of total reflection.

For the frequency of interest, water is an excellent absorber, as evident from the wide
use of systems operating at 2.45GHz for heating/drying purposes (cfr. microwave
ovens). To optimise the quantity of water that is used to absorb the microwaves,
its absorption capabilities must be estimated. By indicating with v = 27 f, /€ the
propagation factor of the microwaves, the absorption length, Ly, can be calculated
from the real part of ~:

1
Laps = ——— (A.1)
Re{v}
where p1 & o is the magnetic permeability and € = ¢’ + i€” the complex dielectric
constant of the medium. The dielectric constants of the water at T,, = 300K,

f = 2.45GHz are EE—/ = 76.7 and tand = .157, where tand = EE—/,/ is the loss tangent
and €q the dielectric constant in vacuum [108]. Equation A.1 gives Ly, = 28mm.
At this frequency the water cannot be considered a ’surface absorber’ as for higher
frequencies, and the microwave power is distributed over a larger volume, so that
local evaporation is avoided.

Assuming that all the microwave power is absorbed by the water, the increase of
the water temperature, T,,, after a discharge® as a function of Prr and the amount

9Tt is assumed that the length of the discharge, Trr, is short enough that during this period
the system can be considered adiabatic.
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Figure A.17: Left: Numerical evaluation of T},4(t) for Prp = 50kW, 7pp = 100ms,
M, =11, he = 15W/m?K, Typom = 292K and Tyys(t = 0) = Troom. The duty cycle is
1 shot every 30s. The RF generator is 'turned off” at ¢ = 40min (dashed line on the
time axis). Right: Results for T},,(t) for different values of h..

of water in the tank is

AT, — Prr TrE (A.2)

where Tpp is the pulse length, M, the mass of water and ¢,,, = 4.182kJ/kgK the
specific heat of water. In Eq. A.2 it is assumed that the heat capacity of the water
is much greater than that of the aluminum tank and that the heat conduction from
the tank to the waveguide is negligible.

By imposing AT, < 1K with Prrp =50kW and 7gr = 100ms, we obtain a lower
limit for M, to keep the temperature of the system 7, within a safe range. It is
found that 1 liter of water is enough to keep T,, below 1 degree per discharge, with
the maximum available power fired into the load™®.

In reality, after each shot the temperature of the system decreases; the heat is
dissipated both by natural convection and radiation from the external surface of the
cylinder, but also by conduction, and further convective losses, to the transmission

10 A hollow nylon screw has been used as ’feed-through’ to empty the tank and to fix a water level
indicator. Depending on its specific chemical composition, nylon has a melting temperature greater
than 500K, but a glass transition temperature in the range 315 — 330K. This is the temperature
above which a polymer becomes soft. For this reason, the water temperature T;, should be kept
below 315K to keep the vessel watertight.
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line. Neglecting the role of the waveguide, the loss rate of heat is

Qconv = thcyl (TAl - Troom) (Ag)
Qrad - UT<TAZ - Troom>4 (A4)
where h. is the convection heat-transfer coefficient, o, = 5.67107%W/m?K* the

Stefan-Boltzmann constant and 7., the room temperature. In the temperature
range of our interest the radiation losses can be neglected.

The coefficient h. in Eq. A.3 is the an average value over the entire vessel surface.
It may depend on the spatial temperature distribution on the surface and on the
geometry of the tank. To simplify the analysis, we define h. as an averaged value
that can be experimentally measured

o fscy, he(x) [Ta1(x) = Troom) dX s
i SCyZ(TSyS - T’/‘oom)

In the following it is assumed that the water and the aluminum tank reach instan-
taneously the thermal equilibrium, i.e. Ty = T, = T, though in practice this
assumption could be not well satisfied. This approximation is reasonable when 7, }1,
is much greater than the repetition rate of the shots. In conclusion, all the effects
of an arbitrary temperature distribution of the system are included in h., which can
be determined experimentally. Reasonable values for h. are h. = 5 « 25W/m?K.

The asymptotic temperature T, reached by the system in the stationary state can

be evaluated from a power balance equation:

. Prr(t
Fop1) = —ATusl1) = o] = BTuya0) ~ Tl + T ()
where h g s
A— cFeyl B = Or eyl A.
= 0 (A7)

and C' = ¢, My, +cp a1 M 4; is the heat capacity of the system; again, the contribution
of the aluminum vessel to C' can be neglected. Some typical results of the analysis
described above are presented in Fig. A.17.

Construction details

A commercial, cylindrical aluminum tank, with a volume of 301, is used. The radius
is 180mm and the length 485mm. A schematic of the front- and rear-ends of the tank
is shown in Fig. A.18. The aperture is approximately 150 x 110mm, which allows
one to introduce a WR340-type flange. A metallic shield closes the remaining slits
to avoid RF leakage. For safety reasons, the tank is enclosed into a shielding box
during the tests. On one side of the tank, the original plastic cap is used to introduce
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Figure A.18: Front and rear view of the tank.

water. A second aperture on the bottom of the cylinder is used to install a water
level indicator and to empty the tank. Since the plastic cap is just in front of the
RF input, it has been screened with a copper foil ("deflector’) and a metallic grill to
avoid RF leakage and damages of the cap (Fig. A.19).

A.3.1 Calorimetric measurements

The same principles introduced to dimension the dummy load apply to the calori-
metric measurements. The fraction Npow = Prefi/(Prefi + Prorw) of reflected power,
is introduced. The power injected to and reflected from the load is indicated with
Ptorws Prefi- Mpow would allow to determine the value of the power injected in the
system, Pj,;. Assuming that all the forward power is absorbed by the load (no

transmission losses), is
1
Pinj = Pabs 1 (AS)
- npow
where P, is the absorbed power measured experimentally. ' .
Assuming that convection is the dominant loss channel, i.e. Q,qq < Qeonv, in the

stationary case the dependence of T,, on Pgr can be deduced from Eq. A.6:
PRF - 5AO(Tas - Troom) (Ag)

where T, is the asymptotic temperature reached in the stationary regime, and
d = (Tae + TrF)/TrF is a factor that takes into account the pulsed behaviour of the
source. T4 is the length of the 'off” period during a shot. The temperature T,, can
be extrapolated by fitting T,s(t) with

Tsys (t) = Tas(l - e_at) (AlO)
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Figure A.19: Side view of the tank, rear-end.

The parameter o depends on load geometry, convective heat-transfer coefficient,
amount of water, etc. . In practice, it should be equal to the coefficient A in
Egs. A.6 and A.9. The coefficient A can be deduced more accurately from the
decaying part of the curve in Fig. A.17, where

Tsys (t) = _A<Tsys - Troom) (All)
so that the curve Ty,s(t) is fitted by
Toys(t) ~ e (A.12)

By setting A = v in Eq. A.9, Prp = Fus and then P,; is obtained from Eq. A.8.
This method is preferable, since there are no sources of errors due to the presence
of the pulsed RF source. Note that the value of Pgrp could also be inferred from the
slope of T},,(t) in the initial phase of the discharge. In this case the assumptions
made to derive Eq. A.6 may break, and a high precision in the measurements is
required. Therefore, this latter method could be of practical interest only if h. is so
low that T, > T., when Prp ~ Ppg®.

It should be noted that the fraction n of power coupled into the load from the trans-
mission line should not change significantly to make the procedure presented above
valid. Since all the parameters that influence the impedance of the load are con-
stant during the experiment, this requirement should be fulfilled without particular
problems. Nevertheless, it is better to check that the stationarity of n, i.e. 7 & Naer,
before accepting and storing the measured values.

A flow-chart of the procedure used to measure F,; is presented in Fig. A.20.
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Figure A.20: Procedure proposed to measure the injected power P,;.
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Figure A.21: Typical sequence observed during the tests. The RF power is on from
to to t;,. The temperature continues to grow also after Prp is turned off.

In practice, an alternative method for estimating the power absorbed by the load
might be preferable. A typical sequence observed during the tests is shown in
Fig. A.21. It is observed that, during the injection of the microwave power, the
measurements are affected by a high noise level. Therefore, it would be preferable
to infer Py from the behaviour of Ty, after the discharge. From Eq. A.6, neglecting
the effects of radiative losses, is

Pabs(t)
C

The losses during the discharge are assumed to be negligible. The power P, ab-
sorbed by the system determines an increase from Tyys(tin) t0 Toys(tsin). At the
same time, power is dissipated by convection. An upper limit, t;,, can be chosen
as the time where T, is equal to its maximum. The energy balance equation reads

Toys(t) = = A[Tuys(t) = Troom] + (A.13)

/ " POkt = / " el - Actean (A.14)

where a new variable § = Tyys(t) — Thoom i introduced. The coefficient kg = 07! =

Trr/(TrRF + T4.) accounts for the pulsed behaviour of the source. To solve Eq. A.14
the time-steps are discretised

trin N
/f f(t)dtzZ&Ati (A.15)
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where &; are the measured values of £, N is the number of samples and At; is the
inverse of the sampling frequency (At; = 1s for the measurements reported herein).
Equation A.14 can be integrated and solved for Pgp.

N
1
Pups = m{cp,w My[T(tfin) — T(tin)] + he Seyt Atmeas ; &} (A.16)

where Aty = t;, —to, Atmeas = 1s and all the relevant physical quantities are written
explicitly. Once the values & are known, the average value of Prp absorbed during
the discharge can be estimated. Note that the result does not depend explicitly on
the particular form of Ty,(t), but only on its initial and final value.

Sensor and data acquisition

The range of temperature of interest, 0 «— 100°C, is covered by the PT100 family
of sensors. The PT100 is a resistor whose resistance, Rg.,ns, has a linear dependence

on the temperature'!:

Ryens[€)] = .385T[°C] + 100.09 (A.17)

The offset due to a finite resistance of the wires connecting the sensor to an instru-
ment (ohm-meter, multimeter, ...) must be also taken into account during the tests.
A constant-current source allows to measure the value of R,.,, with a digital mul-
timeter, connected to a PC via a RS232 interface for data acquisition. A Matlab
routine has been developed to acquire, store and analyse the data following the pro-
cedure illustrated in Fig. A.20.

The current flowing through the PT100 must be limited to 5mA. A voltage of a few
hundreds of millivolts develops across the sensor. The resolution of the multimeter
used in the tests (model METEX M-3660D) is £0.1mV, corresponding to +.1€2 and,
finally, £.19°C' of accuracy on the measured temperature. A simple solution is to
measure directly the value of R,.,s with a ohm-meter, so that the current source is
no more necessary and the apparatus is simplified.

The RS232 interface has been successfully tested for a cable length of 10m. Its low
baud-rate allows a maximum sampling rate of approximately 3Samples/s. During
the measurements a sampling rate of 1Sample/s, which gives a sufficiently high tem-
poral accuracy. The reacting time of the PT100 sensor, 7,cq., should be lower than
the maximum possible sampling period. This requirement is fulfilled by the model
used herein, for which 7,.... = 120ms.

Measurements of 5,

The results of the measurements of h,. without RF power are presented in Fig. A.22.
The tank is filled with 51 of water at ~ 30°C and the time evolution of T" is measured.

HStandard IEC/DIN/EN 60 751-2 RTD
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The shielding metallic grid is removed during these measures. The room temperature
is Troom = 18°C.

The PT100 sensor is encased in a small aluminum holder glued on the bottom of
the tank. A thin layer of thermo-conducting grease between the sensor and the
aluminum walls ensures an 'ideal’ contact and an efficient heat transfer. The sensor
is connected to a multimeter, which acquires the values of R,.,s. The data is acquired
via a RS232 interface on a PC and stored for the analysis.

From Fig. A.22 it can be seen that during the initial phase, when the tank is still at
room temperature, the heat conduction along the aluminum walls plays an important
role. The slope of the curve is higher than in the second part, from ¢t = 1500s to
the end, where the shape is well fitted by a simple exponential, cfr. Eq. A.12. Two
fits are shown, spanning over the entire time range and from ¢ = 1500s to the end.
The values of h, extrapolated from the two curves are 6W/m?K and 5.4W/m?K.
These measurements suggest that neglecting the role of conduction could lead to
errors, but the practical effects are not dramatic until the power is absorbed almost
completely by the water, rather than by the aluminum walls.

35
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Figure A.22: Measurements of the convective coefficient, h.. The dots represent the
experimental data, and the two lines are two different fits. The parameters can be
found in the text.
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Results of the tests

A first series of tests are carried out to estimate the RF power delivered by the
source and, possibly, optimise the construction of the dummy load. A small RF
antenna, connected to a spectrum analyser and to an oscilloscope, is mounted inside
the tank. The attenuation of the signals is —20dB and —10dB, respectively, to
reduced the power at the input of the electronics. The amount of injected power,
read on the Control Panel of the microwave generator, is taken as a reference for the
instantaneous power fired into the load, which has to be compared with the results
of the calorimetric analysis. The measure of the reflected power is not available.
Several observations emerge from these tests. First, it is necessary to ensure a com-
mon ground for RF perturbations for all the components (transmission line, tank,
shielding box). When the grid and the tank are electrically floating, e.g. due to
'bad’ electrical connections or ground not present'?, the noise on the measured sig-
nals makes the measurements meaningless. The effects of RF fields on the accuracy
of the PT-100 are also not clear.

Second, it is observed from the tests that the simple method explained in Sec-
tion A.3.1 is hardly applicable. In fact, the coupling between the waveguide and
the tank changes considerably during the discharge. Moreover, the thermal inertia
of the load makes the temperature increase after the discharge, probably because
of the heat redistribution inside the water takes place on a long time scale. This
can be due to a localised power deposition, and subsequent redistribution via heat
diffusion and convection inside the volume of water. Finally, the heat is transmitted
to the aluminum walls and from there to the PT-100 sensor, which is mounted on
the outer surface of the tank.

For all these reasons, the second method illustrated in Section A.3.1 is used for the
analysis. An example is shown in Fig. A.23. The nominal value of injected power
is Prr = 10kW, with ¢,, = 10ms and ¢,;y = 40ms. The length of the discharge
is approximately 60s. In this case, the estimated value of RF absorbed power is
P, =~ 4kW. Note that the experimental curve does not reach its saturation value,
thus the power could be underestimated. The order of magnitude agrees well with
the nominal injected power, considering that ~ 40% of power matched from the
transmission line to the load is a realistic assumption.

12Note that a simple, thin cable connecting the metallic structures to ground may not provide a
sufficiently low impedance to ground for the high frequency microwaves.
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Analised file: meas11.txt
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Figure A.23: Result of the calorimetric analysis based on Eq. A.16. The nominal
injected microwave power is 10kW, in agreement with estimated absorbed power of
~ 4kW if a coupling efficiency of 40% between the transmission line and the tank
is assumed.
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B.1 Semi-automatic analysis of Langmuir probes
data

Typically a Langmuir probe (LP) provides two signals, the voltage applied and the
current drawn by an electrode (tip) inserted into the plasma [47][97][17]. There are
three possible modes of operation:

e Saturation current mode. The tip is biased to a sufficiently negative (positive)
voltage compared to the plasma potential. The ion (electron) saturation cur-
rent, Iy, , is measured, with I, o nTel/ 2, where T, is the electron temperature.
For electron temperature fluctuations negligible with respect to density fluc-
tuations, the ion saturation signal is simply assumed to be & n, and provides
information on the density. The time resolution depends on the acquisition fre-
quency. No information on the electron temperature and the plasma potential
can be deduced.

e Floating mode. The tip is electrically insulated from the ground, or in practice
connected to it only through a very large resistor, so that the measured tip
potential, Vy;, depends only on the local values of plasma potential and electron
temperature. Vy; is ideally given by Vi =V, — uT. /e, where the coefficient
i depends on gas type, magnetic field and tip geometry (see Sec. B.2). The
time resolution depends on the acquisition frequency.

e [-V characteristic mode. The tip voltage, V), is swept at a frequency fs,, over
an appropriate range and the resulting current [ is measured. The relation

Vor =V
(V) ~ I, [1—6 7.7 } (B.1)
with
1 T,
Io~ =qny/=< A, B.2
0 2qn ms i ( )

is called the ’characteristic’ of the probe, and depends on the values of plasma
density, plasma potential and electron temperature. Here ¢ is the elementary
charge, m; the ion mass and A.ss the effective tip surface [47]. The three
parameters can be determined at the same time, with a maximum time reso-
lution corresponding to half-period of the sweeping frequency. On TORPEX,
fsw is usually < 1kHz, which gives a maximum time resolution of 500us.

The mode of operation is chosen before the shot, depending on the quantities of
interest and the required time resolution.

The raw data is stored in a MDS-plus structure after each discharge. To analyse
it, a number of operations must be carried out, such as conversion into physical
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units, correction for offsets and noise introduced by the electronic modules. A semi-
automatic analysis procedure has been developed to process the data from Langmuir
probel.

The procedure followed to perform the analysis is summarised in Fig. B.1. The
main inputs are the lists of shots and channels to analyse. Other parameters, such
as the probe tip surface, the gas type and the time interval of interest can be intro-
duced. For each shot, the injected microwave power signal is loaded to determine
the time window at the end of the discharge from which the electronic noise and
offset is evaluated. The current and voltage signals are loaded for each channel,
and corrected for noise and offset. Their general features, e.g. the presence of a
sweeping voltage, are analysed to determine the specific type of analysis that must
be performed. Depending on the analysis type, different subroutines are called and
the signals analysed. The output can be directly passed to other routine for fur-
ther analysis or stored into the MDS database. In the latter case, the results are
compressed and stored into the tree structure as analysed data under the branch
"ANALYSIS. TCPIP.dt003’. They can be accessed by using the tdi command with
tags \dt_03_chn : followed by ne, Te, V float, tdecay. A ’log’ file, containing the
analysis parameters and the eventual comments and warnings, is stored into the field
config. The different steps of the analysis can be visualised during the analysis with
specific debugging tools, as shown in Fig. B.2 for the case of a probe operating in
the I-V mode.

A practical example

The easiest way to analyse a set of data is to call the main routine with the shot
and channel numbers as input, for example:

Res=LP_analysis(1240, 23);

where 1240 is the shot number and 23 is the channel where the current signal from
the first tip of the movable probe SLP was acquired. The results of the analysis
are stored as data entries in the structure Res, with fields n, Te, Vfl and time:
Res.n.data

Res. Te.data

Res. Vfl.data

Res.time.data

If the probe is in the ion saturation mode of operation, an additional field, Res.tdecay,
contains the estimation of the density decay time (see Sec. 7.3). The routine deter-
mines T4 for each on/off cycle of the injected power. If there is a modulation of
the power, a value of 74, for each value of t,;s is computed. The average 74 is also
stored, conventionally referred to t = —111ms. A value 74, = —1 is stored when
the estimation of 7,4, fails.

!The routine package can be found under crpppc154/home/torpex/matlab/LP_analysis.
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The routine can be called with vectors as input for both the shot and the channel
numbers. In this case, the resulting structure has the form (e.g. for the tempera-
ture): Res(j). Te(k).data, where the index j runs over the shot list and &k over the
channel list.

Options

It is possible to control different options of the routine. All the options are passed
as (Opt, Val) pairs®:

Res=LP_analysis(shotno, channo, Optl, Vall, Opt2, Val2, ...)

Most of the options can only assume the values 0 (disabled) or 1 (enabled). The
available options are:

tmin, tmax, allows you to define the time window chosen for the analysis.
Default: (—5ms, 120ms)

time_select, if =1 overwrites the selected time window if it doesn’t include any
portion of the plasma phase. This option is normally active

nper, define the number of half-periods taken to average the I-V curve. Default
is nper = 3

overlap, if =1 the I-V curve analysis is performed every half-period, otherwise
the time step is defined by nper. Default is overlap = 0 (disabled)

aver, if =1 the data are smoothed before the analysis

shunt, value of the shunt (sensitivity of the current measurement). Usually its
value is automatically loaded from the MDS tree

tip_area, collecting area of the tip. The default is a cylindrical tip with radius
r = .45mm and length [;;, = Smm

an_type, if =-1 the type of analysis is automatically determined, otherwise the
routine can be forced to perform a chosen analysis. Possible values are -1
(automatic, default value), 1 (I-V curve), 2 (I,,) and 3 (V)

rem_noise, if =1 removes from the current signal the ’deterministic’ compo-
nents of the noise due to the sweeping voltage. Is active by default

gas, type of gas injected during the shot (Ar or H). Default is Ar

min_t_res, minimum time resolution for the results of Iy, and V}; analysis.
Default is min_t_res = .5ms

20pt is a string, Val can be either a string or a number
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sm_numb, number of points used to smooth the output. The default value is
sm_numb =5

shotno_rem, number of the shot taken as reference to remove the noise. If
empty, the actual shot is taken as reference

Te_ext, value of the electron temperature used for the I,,; analysis. The default
value T, = 5eV.

tau_range, time window used for the estimation of 74... Default value is 3ms
showfit, if =1 shows the result of each fit (debug mode)

showres, if =1 shows the final result of the analysis (debug mode)
write_to_tree, if =1 write the output data to the MDS tree

overwrite_tree, if =1 force the routine to overwrite the data already stored in
the MDS tree

log_file, if =1 all the information from the data analysis process are stored into
a text file 'LP_fit.txt’ in the current directory. It can be a useful tool to verify
the success of the analysis

For each tip the analysis is performed on both the current and the voltage sig-
nals. The results of the analysis are stored in the MDS tree under the node that
corresponds to the channel signal for that particular probe.
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Figure B.1: Procedure used for the semi-automatic analysis of LP data.
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Figure B.2: Example of fit of -V curves.
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Figure B.3: Example of a current-voltage characteristic from a Langmuir probe.
The floating and plasma potential are highlighted by the red dashed lines.

B.2 Measurements of the plasma potential

The plasma potential, V;, is an important quantity for a complete experimental
description of plasmas. When electron and ion temperatures are low, V}; is usually
measured by means of Langmuir probes. However, a direct measurement of V), is
not trivial. The use of dedicated techniques, such as the use of emissive probes, is
well documented (see, for example, Ref. [22] and references therein). However, the
proposed methods imply considerable complications in the probe and/or electronics
design, and are rarely applied in practice.

This Section describes the method used on TORPEX to calculate V,;. Since data
from swept Langmuir probes are needed, the maximum temporal resolution is <
500us (see Appendix B.1) and the method can not be used for studying fluctuations
in ‘/pl-

In principle, V,; can be identified as the value for which the current-voltage (I-V)
curve shows an inflection point before the electron current, I., saturates (Fig. B.3).
In practice, the increased range of the sweeping voltage required to reach V,; implies a
more complex electronics and slow sweep frequencies, in order to preserve a sufficient
number of experimental points for each I-V curve. Moreover, I, does rarely show
a clear saturation and probes drawing a large electron current can burn. Thus the
probe voltage, V,,, is usually kept well below V.
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However, the plasma and floating potentials are related by [47][17]

T,
Voo =V +p - (B.3)

A 2m;T,
=1 = i B4
8 09<AZ- \/wmemﬂm) 4

Here A., A; are the effective collection surfaces for electrons and ions, m.; and T ;
electron and ion mass and temperature and ~ the adiabatic index. The problem of
evaluating V,,; reduces to the determination of y, which depends on the gas type, the
magnetic field and the probe geometry. From Eq. B.4, the terms containing probe
geometry can be separated from those depending on plasma parameters:

where

A 2m; T,
= l B . = l e B
He = log 3 ; for og\/ e (T 1 7T) (B.5)

In the limit T; < T, and for small spatial variations of the magnetic field,  reduces
to a constant for each specific probe.

The coefficient p could be directly estimated from Eq. B.4, but important errors
might be introduced by a inaccurate evaluation of A., A; and . Instead, if the
plasma and the floating potential can be measured for different values of T,, then u
can be estimated experimentally:

dV(Te)
dT,

p= (B.6)

where V(Te) = Vi — Vj. This evaluation of p may give inaccurate results if addi-
tional terms have to be added to the right hand side of Eq. B.3. This is the case,
for example, if suprathermal electrons are present. Fast electrons can introduce an
effective offset voltage AV, independent of T, [100], and Eq. B.3 becomes

T,
Vie=Vu+u — T AV (B.7)

Note that Vi # V), for T. — 0, therefore the value of i from Eq. B.6 would be
overestimated by an additional term eAV/T,. To reduce the error, the histogram
of the experimental values, ;, is fitted with a gaussian. p is set equal to the mean
value, p =< p; > +o(u;), where o is the full-width at half maximum. The p
obtained in this way is less sensitive to errors due to a fast electron component,
which mostly contribute to the tail of the gaussian and do not affect the fit of the
bulk. As a drawback, the possible dependence of p on T, is lost.
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The method described above is used to characterise TORPEX probes®. Examples
for the SLP and GLP probes are shown in Fig. B.4 for the two gases commonly in

use, viz. Argon and Hydrogen. The results for the probes used to estimate V,; are
summarised in Tab. B.1.

probe Hydrogen | Argon
SLP 3.1+06 | 44+0.3
HEXTIP | 25+£04 | 25+1
GLP 214+05 | 3+0.9
Tweedy 1.6£.6 |3.6+0.6

Table B.1: Summary of the results of the experimental determination of pu for
different probes installed on TORPEX. The coefficient p is given in the form
=< p; > t+o(p;). Values for HEXTIP are also given, although no measurements
of Vp; are not routinely available from that probe.

3 Another possibility would be to fit the data with Eq. B.7 and estimate both 1 and AV. How-
ever, the increased number of parameters makes this approach slower and less practical, especially
if the term AV varies in space.
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Figure B.4: Histograms of the measured values of u for the probes SLP and GLP.
The number of counts, #cnt, is normalised to unity. Note the asymmetry of the

distributions and the high tails for > < p >, due to fast electrons.
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A simple numerical code, based on a Monte Carlo (MC) approach, has been de-
veloped with the goal of providing information that could not be easily verified
experimentally, cfr. Chap. 5. The main questions to answer are:

e What is the ionisation profile, as a function of the density profile and of other
parameters, such as the vertical magnetic field amplitude and the neutral gas
pressure?

e How does the ionisation profile depend on the particular shape of the electron
distribution function?

e Can we evaluate the ionisation efficiency?

e Can we derive a semi-empirical expression for the spatial profile of the particle
source, based upon the experimental results and the results of the code?

C.1 Survey of physical processes and their imple-
mentation in the code

e From the plasma density profile we can evaluate the positions of the EC and
UH resonances, where f.. = f,y and f,n, = f,s. These positions are the starting
points for the Ny, primary electrons.

e The initial energy, Fy,q, is randomly extracted from distributions such as
maxwellian or constant.

e The initial directions with respect to the magnetic field, v; (i = 1,2, ..., Ny.),
are randomly extracted from an isotropic distribution.

e The particles are supposed to travel mainly along the field lines. The effects
of the single-particle VB and curvature drifts are included by introducing an
additional vertical displacement during the motion of the electron along B.
No other drifts are taken into account.

e The perpendicular and parallel energies of the test electrons change due to
Coulomb collisions at the rate v . This process is not treated with MC rules.
The evolution of parallel and perpendicular energies is calculated along the
possible vertical path. If there is possible change in the direction -, the elec-
tron path is restricted to the values of y for which the parallel velocity does
not change its sign. The values of Ej; = Ej i (y) are then used to evaluate
the ionisation and scattering cross sections.
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Note that in a MC code a correct treatment of scattering processes from ions
and electrons should start from the kinetic theory, with a Focker-Planck ex-
pression for the collisional term. This treatment is not implemented in the
code.

e The energy lost by the primary electrons during their motion inside the cham-
ber is negligible compared to the initial energy.

e Three types of interaction are considered: ionisation, scattering from neutrals,
scattering from ions and electrons.

C.2 Scheme of the code

First, the main parameters of the system are set, including B, B., Ny, the energy
of the primary electrons F; and the background plasma profiles. Second, each pri-
mary electron of the initial population evolves iteratively, according to the following
scheme:

1. The set of parameters {y;, E;,7;} are used to determine the 'possible’ path
of the electron, from y; to the wall (at ymaz), upstream or downstream with
respect to B depending on the sign of ;. A new variable s is introduced, to
take into account the effective length of the path, equal to the projection of
the vertical displacement along the field lines.

2. The evolution of Ej | (y) is evaluated, for each reachable y. If there is a change
in the sign of ~;, this point is taken as ¥,qz-

3. The cross sections o;,, 09%% are evaluated for y € (y;, Ymaz)-
4. The interaction location and the type of event are chosen.
5. Depending on the interaction, the parameters {y;, E;, v;} are updated to {y;, E!, v}

6. If the event is the ionisation of a neutral, a new particle with parameters
{Yk, Ex, 7} is added to the population. The position and the time-of-flight of
the ionising particle are stored in a record as a ’'ionisation location” and ’time’.
They will be used to evaluate the average ionisation rate as a function of y.

7. If y; > a (a is the minor radius of the vessel) the particle is lost.

8. If E! (or Ej) are smaller than W;, the history of this particle ends. Its actual
position, energy and total time of flight are stored in a record as a 'thermali-
sation location’.
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9. If y; < a and E! < W,, the procedure starts again from point 2.

Since most of the particles are lost in a few steps, a refinement, known as biased
sampling, of the "brute-force’” MC method proposed here could be introduced to
force them to collide inside the chamber. Their relative weight w; in the final score
is then conveniently reduced. The ’life’ of a particle ends when w; is lower than a
given value (ex. w™ = 10~*, the initial value being w; o = 1).

7

C.3 Examples of the results of the code: ionisa-
tion profile

The most urgent question related to the plasma production processes is the identifi-
cation of the particle source profile. The subject has been treated in Chap. 5, where
a combined analysis of the experimental results and of the results of the simple code
is attempted. Further examples of the results of the code on this subject are shown
below, in Figs. C.1 to C.4.
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tot
Density RS [a.ul]

Figure C.1: Density profile for Hydrogen plasma (left) and reconstructed two-
dimensional spatial profile of the particle source in a poloidal cross-section (right).
The injected microwave power is 400W. The currents in the toroidal and vertical
magnetic field coils are I,y = 380A and I, = 60A, corresponding to B, = 76mT on
the axis and B, = 1.2mT.
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Figure C.2: Reconstructed spatial profile of the particle source for different values
of the bandwidth of the injected microwaves, Af,¢. Note the broadening of the

source profile, due to the mechanisms explained in Chapters 4 and 5. The plasma
parameters are the same as in Fig. C.1.
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Figure C.3: Vertical profile of the particle source at the UH resonant layer (thick,
dashed line), as estimated from the simple code. Note the two slopes of the profile,
which are finally included in the semi-empirical analytical expression, Eq. 5.8.
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Figure C.4: A detail of the output of the simple code in terms of local particle source

(blue points)

for the profile shown in Fig. C.1. The continuous line shows the result

of a least-square fit based on Eq. 5.9.
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