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Abstract

This Thesis addresses the interaction of a supra-thermal ion beam with turbulence in the
simple magnetized toroidal plasma of TORPEX.

The first part of the Thesis deals with the ohmic assisted discharges on TORPEX. The aim
of these discharges is the investigation of the open to closed magnetic field line transition.
The relevant magnetic diagnostics were developed. Ohmic assisted discharges with a
maximum plasma current up to 1kA are routinely obtained. The equilibrium conditions on
the vacuum magnetic field configuration were investigated.

In the second part of the Thesis, the design of the fast ion source and detector are discussed.
The accelerating electric field needed for the fast ion source was optimized. The fast ion
source was constructed and commissioned. To detect the fast ions a specially designed
gridded energy analyzer was used. The electron energy distribution function was obtained to
demonstrate the efficiency of the detector.

The experiments with the fast ion beam were conducted in different plasma regions of
TORPEX. In the third part of the Thesis numerical simulations are used to interpret the
measured fast ion beam behavior. It is shown that a simple single particle equation of
motion explains the beam behavior in the experiments in the absence of plasma. To explain
the fast ion beam experiments with the plasma a turbulent electric field must be used. The
model that takes into account this turbulent electrical field qualitatively explains the shape
of the fast ion current density profile in the different plasma regions of TORPEX. The
vertically elongated fast ion current density profiles are explained by a spread in the fast ion
velocity distribution. The theoretically predicted radial fast ion beam spreading due to the

turbulent electric field was observed in the experiment.

Keywords: TORPEX, experiment, plasma, fast ion beam, fast ion source, gridded energy

analyzer, ohmic assisted discharge



Version abrégée

Cette theése aborde la question de l'interaction d'un faisceau d'ions suprathermiques avec la
turbulence dans le plasma simple magnétisé¢ toroidal de TORPEX.

La premicre partie de la thése porte sur les décharges ohmiques assistées sur TORPEX.
L'objectif de ces décharges consiste a étudier la transition de la ligne de champ magnétique
ouverte a la ligne fermée. Les diagnostics magnétiques correspondants ont été développés.
Des décharges ohmiques assistées avec un courant plasma maximal jusqu'a 1kA ont été
couramment obtenues. Les conditions d'équilibre sur la configuration du champ magnétique
sous vide ont été étudiées.

Dans la deuxiéme partie de la thése, la conception de la source et du détecteur d'ions rapides
est examinée. Le champ électrique d’accélération de la source d'ions rapides a été optimisé.
La source d'ions rapides a été construite et mise en service. Pour la détection des ions
rapides, un analyseur d'énergie a grille spécial a été utilisé. Afin de démontrer 1'efficacité du
détecteur, la fonction de distribution énergétique des électrons a été obtenue.

Les expériences utilisant le faisceau d’ions rapides ont été menées dans les différentes
régions du plasma de TORPEX. Dans la troisiéme partie de la thése, le comportement du
faisceau des ions rapides est interprété a I’aide de simulations numériques. Il est démontré
qu’un simple équation du mouvement d’une particule seul explique le comportement du
faisceau dans les essais sans plasma. Pour interpréter les essais avec plasma, il est nécessaire
d’utiliser le champ électrique turbulent. Le modele qui tient compte de ce champ électrique
turbulent explique qualitativement la forme du profil de densité de courant des ions rapides
dans les différentes régions de TORPEX. L’extension verticale du profil de densité¢ de
courant des ions rapides s’explique par 1’écart dans la distribution de vitesse des ions
rapides. Le déploiement radial du faisceau des ions rapides a cause du champ électrique

turbulent anticipé dans la théorie a été effectivement observé pendant I’expérience.

Mots-clés: TORPEX, expérience, plasma, faisceau d'ions rapides, source d'ions rapides,

analyseur d'énergie a grille, décharge ohmique assistée



Chapter 1

Introduction and motivation

The plasma of ITER [1] and future thermonuclear reactors will be heated by the by-products
of thermonuclear reactions, alpha particles with very high energy, 3.5MeV, in other words
by fast, or supra-thermal, ions. These supra-thermal ions will carry large amounts of power,
200MW for a fusion power of 1GW. In existing tokamaks [2][3], fast ions can be generated
by additional ion heating neutral beam injection or ion cyclotron heating [4] or even electron
heating [5]. Highly energetic ions can exert a strong influence on plasma properties, such as
temperature and density profiles, turbulence, and equilibrium, via direct heating, by exciting
instabilities, for example Alfvén frequency modes, or by interacting with existing
instabilities e.g., sawteeth [6]. A very important question related both to the basics physics
of turbulence and to the problem of anomalous, i.e. non-collisional, transport of these ions is
how low-frequency plasma turbulence influences fast ions and, in turn, how fast ions can

influence turbulence.

The interaction of fast ions with turbulence has not been extensively investigated to date.
One of the reasons is that, in the present tokamaks, the fast ions do not play a crucial role, as
it will be the case on ITER. The other more fundamental reason is that, as the fast ions
usually have a gyroradius that is larger than the turbulence scale, their interaction with
turbulence was expected to be very weak [7][8]. For example, on TFTR it was shown that
the typical alpha gyroradius is a factor of 5 larger than the turbulence correlation length [9].
Gyro-averaging effects would than weaken or almost entirely suppress the interaction of
alphas with turbulence. The results in [10] indicate that significant diffusive redistribution of
supra-thermal ions is driven by turbulence. However, no direct measurements of fluctuation-

induced fast ion transport on toroidal devices have been performed so far [11].
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A number of theoretical works have attempted to quantify this effect of averaging over the
gyromotion [12][13][14][15][16], concluding that interaction of fast ions with turbulence is
reduced when the gyroradius is increased. However, several other authors found than when
the gyroradius increases up to the fluctuation correlation length, the fast ion transport could
remain unchanged [17] or even increase [18][19]. In [20][21], it was found that in some
conditions the turbulence can indeed significantly affect the fast ion transport. In particular,
it was shown that orbit averaging is not valid at moderate or high magnetic shear [22][23].
In [24], it was found that for typical parameters in ITER the fast ion transport can be driven
at significant levels by core turbulence. On the other hand, in [25] the interaction between

fast ions and turbulence is found to be negligible.

Thus, the interaction of fast ions with the turbulence remains an open question. Both the
mechanisms and the significance of this interaction should be investigated. In particular,
there exists a strong need for experimental data with which to compare and validate the
relevant theoretical and numerical models. An experimental investigation of the fast ion
beam interaction with turbulence is undertaken in the TORoidal Plasma EXperiment [26]
TORPEX offers a relatively simple experimental environment with easy access for
diagnostics, and a well understood background of drift-wave and interchange instabilities

and turbulence [27][28][29][30][31][32].

Specific goals of this Thesis include the development of a miniaturized fast ion source and
detector, an exploration of the closed tokamak-like magnetic field line configuration on
TORPEX, and, most importantly, an assessment of the fast ion transport in interchange
turbulence. This could be done over different poloidal plasma regions, where the
predominant effect is the wave-like propagation of the unstable mode or the dynamics of

isolated filament-like structures (blobs).

The Thesis starts with a general description of the TORPEX experimental setup. The
magnetic system is described in detail, as it is important for understanding the constraints
relative to the ohmic assisted discharge development. We include also the description of the

most used diagnostics on TORPEX for this work.
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In the third Chapter, the ohmic assisted discharge developments are presented, including the
design and fabrication of dedicated magnetic diagnostics. The initial ohmic system had
relatively large parasitic poloidal magnetic field. The conditions for plasma equilibrium are

discussed and the tests of improved configurations are illustrated.

Two versions of the fast ion source were developed. Both of them use aluminosilicate
lithium ion emitters. The design of the fast ion sources was optimized to have a
homogeneous electric field. Most of the constraints (e.g. maximum ion current, life time) are
defined by the emitter. Extensive tests of the emitters were performed on a dedicated test-
bench. A 2D poloidal moving system was developed for the source to be able to place it
practically in any poloidal position of TORPEX. These specific developments are described
in Chapter 4.

Chapter 5 illustrates the design of the fast ion detector, based on a double gridded energy
analyzer. To show the capability of the detector, we measure the electron energy distribution
function at several radial positions. We demonstrate that most of the fast electrons are
localized near the electron cyclotron and lower hybrid resonances, where they are

accelerated by microwaves and ionize the neutral gas.

The theoretical background for the fast ion beam experiment on TORPEX is presented in
Chapter 6. To analyze experimental data, two simulation packages were developed. These
packages, based on a Matlab and on a C++ platform are described in Chapter 7. Both
models are based on the single particle equation of motion. The Matlab based model takes
into account the collisions of fast ions with background plasma ions. The main feature of the
C++ based model is that it accounts for the turbulent electric field obtained from a fluid
code, specifically constructed for a quantitative description of turbulent phenomena in

TORPEX. The benchmark of the two models is also presented.

In Chapter 8, we present the fast ion beam experiments. First of all, we describe the
experiments with magnetic fields but no plasma to establish the fast ion beam behavior.

Next, we deal with the experiments with the fast ion beam injected in the blob region, where
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the structures with higher plasma pressure are present, for two fast ion energies, 300eV and
600eV. The experiments in the mode region, where the density fluctuations are dominated
by coherent oscillations, are conducted with a fast ion energy of 300eV. Conservation of the

fast ion current along the fast ions path in the plasma is experimentally verified.

The results of the simulations presented in Chapter 9 help us understand the experimental
data. The Matlab based model qualitatively explains the propagation of the fast ion beam in
the absence of plasma. In the presence of plasma, it is necessary to introduce the turbulent
electric field, thus the C++ based model was used for the simulation of these experiments.
The results of the simulations are in qualitative agreement with the experiment, in particular
in terms of the main expected effect of the turbulence, i.e. a broadening of the fast ion beam
radial profile. However, we conclude that for better agreement, for example on the location
and full shape of the fast ion beam profile, more realistic turbulent electric fields and fast ion

energy distributions should be used, as discussed in Chapter 10.

Chapter 11 concludes the Thesis and discusses the issues that should be addressed in future

activities along the research avenue opened by this work.
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The TORPEX device

The TORoidal Plasma EXperiment (TORPEX) device (Fig.2.1) is a toroidal plasma
machine dedicated to basic plasma physics studies [26], which started operation in 2003 at
CRPP-EPFL, Lausanne. The primary goal of TORPEX is the investigation of turbulence,
plasma instabilities and transport in a simplified environment relative to the tokamak
configuration. The low plasma temperature and density of TORPEX allows easy access by

diagnostics.

Figure 2.1: The TORPEX device.

2.1 General description

The vacuum chamber of the TORPEX device has a major radius 1 m, a minor radius 0.2 m.

One of the TORPEX features is the presence of movable sectors: there are four sectors in
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the vacuum chamber, which can be dismounted completely to have even greater access for
the installation of new diagnostics. For example, for the new experiment [33], the steel
limiter plate mounted on the ring, which is only a few centimeters less than the diameter of

the vacuum chamber, was installed in the movable sector.

The TORPEX device has 28 toroidal magnetic coils, which can produce a toroidal magnetic
field up to 0.1T on the axis (Fig.2.2). The poloidal magnetic field can be produced by 10
coils (Fig.2.3) that can be connected in an almost arbitrary way. The configuration with B1,
B2, C1 and C2 coils connected in series is used to produce an almost homogeneous vertical
field, up to SmT. For the ohmic discharges, the original configuration uses D1, D2, E1 and

E2 coils connected in series.

The most used gases for plasma are hydrogen and argon. The typical average electron
temperature is 5eV for both hydrogen and argon plasmas, with average electron densities
3x10"°m for hydrogen and 2x10''m for argon. With addition of ohmic power the density
can rise up to 2x10'*m . These low temperatures and densities allow highly localized
measurements of plasma parameters with sets of different probes inserted directly in the
plasma core. More than 300 channels can be acquired simultaneously during the whole

discharge, with a sampling rate of 250 kHz.

Figure 2.2: The TORPEX coils.
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FIG. 2.3. Schematics of the TORPEX magnetic coils that produce poloidal magnetic field.

2.2 Vacuum and gas injection systems

The vacuum system of TORPEX consists of the four turbo-pumps, backed by four primary
pumps. The pumping is carried out through four equidistantly separated in toroidal direction
flanges. The vacuum inside the vessel is about 3x10'mbar. The separate primary pump is
used for differential pumping of the probe movable systems. The vacuum in this line is
maintained at 5x10~mbar. The gas injection system can puff the gas in one toroidal position
with the rate controlled by flow-meter. The commonly used gases include Hydrogen, Argon,

Neon, Nitrogen, Helium, and Deuterium.

2.3 Plasma production

The plasma of TORPEX can be produced by one of two magnetron sources. Both
magnetrons used ordinary mode microwaves at frequency 2.45GHz. The electron cyclotron

resonance for this frequency corresponds to a toroidal field of 87.5mT.

The first magnetron launches microwaves from the low field side. The maximum power of
this magnetron is 30kW in the pulse mode for duration up to 100ms and 5kW in continuous

mode operation. The electronics of this magnetron allows using arbitrary waveforms for the
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magnetron power. The disadvantage of this magnetron is the existence of a minimum
possible value of injected microwave power (200W). The microwave power lower than
200W should be used to produce weakly turbulent plasmas. To overcome this problem a
second magnetron, which does not have this limitation, was installed on TORPEX. The
second magnetron launches microwaves from the bottom of the machine. It works only in

continuous mode and can deliver microwave power up to 1.2kW.

2.4 Diagnostics

There are numerous diagnostics on TORPEX: different arrays of Langmuir probes, gridded
energy analyzers, Mach probes, Mirnov coils, Rogowskii coils and fast visible camera. The
two most used diagnostics for this work, besides the fast ion detector that is described

separately, are the arrays of Langmuir probes: HEXTIP and SLP.

2.4.1 HEXTIP - HEXagonal Turbulent Imaging Probe

The HEXTIP is a two-dimensional Langmuir probe array [34], consisting of 86 tips, which
cover the entire poloidal cross-section (Fig.2.4). HEPXTIP is mainly used for measurements
of density and floating potential profiles. The HEXTIP electronics bandwidth of 20kHz is
enough for the turbulence study on TORPEX. The spatial resolution is 3.5cm.
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Figure 2.4: HEXTIP.

2.4.2 SLP — Slow Langmuir Probe

The SLP is a one-dimensional probe array consisting of 8 tips separated by 1.8cm [35]. This
diagnostic is mounted on a movable system, which allows placing SLP at different poloidal
positions. Moving the probe discharge by discharge one can fully reconstruct the density,
temperature and plasma potential profiles with practically arbitrary good spatial resolution.

The time resolution of SLP is about 0.5ms.
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Figure 2.5: SLP.

2.51IT system

The MDSplus [36] system is used for the data-management. The data acquisition system
consists of a D-tAcq dt200 digitizer [37] and two D-tAcq dt196 digitizers [38], one of them
is dedicated for the HEXTIP data. Each of these digitizers acquires 96 channels at 250kHz.
A Linux based PC with a hardware RAIDS controller, providing a disk capacity of 750Gb,
stores all experimental data. This data can be easily retrieved with Matlab. To prevent the

loss of data, incremental backups take place daily and full backups once a week.

A BITBUS [39] server-slave based instrument-control system is chosen to be used for
TORPEX. Using a graphical user interface, which is installed on the dedicated PC, the user
can set values, which are then written to the hardware through BITBUS. The graphical user
interface is written in Java with the system configuration stored in XML format. There is
one XML file for each device. Thus, to add a new device a new XML file should be written.

This system allows relatively easy implementation of new hardware for TORPEX.

10
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Ohmic system

The TORPEX ohmic system was designed to reach a regime in which TORPEX plasmas
can be created and confined within closed magnetic field surfaces. The ohmic system
includes magnetic coils that induce a current in the plasma, the power supply for these coils
and the diagnostics for the measurement of the plasma current and the magnetic field.
Initially, only coils D1, D2, El, E2 were employed for the ohmic system (Fig.2.3).
However, with a current in a coil under 2000A during 60ms, any of the vertical coils can be

used for the ohmic assisted discharges.
The power supply used here can deliver up to 4000A, with a ramp up speed of

approximately 100A/ms. Another, more powerful capacitor based power supply (625uF,
20kV) is under development. It will allow obtaining a loop voltage of the order of 100V.

3.1 Diagnostics
A dedicated set of diagnostics was developed for the ohmic discharges. These include

diagnostics for loop voltage measurements, large rogowskii coils for total plasma current

measurements and small mobile rogowskii coils for current density profile measurements.

3.1.1 Loop voltage measurements

The diagnostic for the loop voltage measurements consists of a single toroidal turn wire.

This wire is placed between the toroidal coils and the vacuum chamber. This loop encloses
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almost the entire magnetic flux from the ohmic coils. The typical loop voltage on TORPEX
is of the order of 6V, so the signal can be acquired directly without any additional signal

conditioning electronics.

An example of the signal from this diagnostic is presented in Fig.3.1. During the ramp up
phase of the current in the ohmic coils the loop voltage has a sawtooth structure due to the

characteristics of the power supply.

0.01 0.015 0.02 0.025 0.03 0.035 0.04
time, s

Figure 3.1: Example of the loop voltage measurements during an ohmic discharge on

TORPEX.

3.1.2 Rogowskii coils

Two rogowskii coils are used to measure the total plasma current [40]. One is installed
inside the vacuum chamber (Fig.3.2) and one is placed outside (Fig.3.3). The internal
rogowskii coil is made of four windings, which allows estimating the position of the plasma
column. The external rogowskii coil has only one winding, but its location allows easier
manipulation. Both diagnostics were calibrated outside of the TORPEX device and feature a
flat frequency response up to 30kHz. The calibration factors for the internal and external
rogowskii coils are equal to 1.27x10°A/V and 1.09x10°A/V, respectively. It was verified
that no significant time delay exists between the two rogowskii coils due to the stainless

steel vacuum chamber that is in between.

12
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The typical signal from these coils is of the order of several millivolts. Two amplifiers with
a gain up to 10000 are used for both diagnostics. The amplified signal is integrated with a
6.3ms integration time. Both the nonintegrated and integrated signals are acquired, so that
one can check that the nonintegrated signal is not saturated and perform the integration
numerically if needed. The electronics allows an accuracy for both rogowskii coils that

corresponds to approximately £10A of plasma current.

, s o,

\e. 1
ULy

o

Figure 3.3: Rogowskii coil installed outside the vacuum chamber.

13
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3.1.3 Mobile rogowskii coils

The small and mobile rogowskii coils were constructed to obtain local measurements of the
plasma current. These rogowskii coils were installed on a probe positioning system that
could move the probe to practically any point of the plasma poloidal cross section. Thus
from shot to shot one can measure the local current in different poloidal points and construct
the 2D plasma current density profile. The first rogowskii coil (Fig.3.4) has a diameter of
3cm and a thickness of 0.7cm. The cut-off frequency (3kHz) is low because of the large
numbers of turns, 3000 (the diameter of the wire is 0.05mm). The calibration factor is equal

to 3.30x10°A/V.

Figure 3.4: First mobile rogowskii coil.

The second mobile rogowskii coil (Fig.3.5) has larger dimensions (diameter ~6cm and
thickness ~0.8cm). This modification allowed us to increase the linear response up to
frequency of 10kHz. The calibration factor for this rogwskii coil is equal to 2.37x10°A/V.
This coil has noncircular shape. Measurements of the current through a wire located in
different places within the rogowskii coil were conducted to estimate the errors deriving
from a noncircular shape. In Fig.3.5 the current measured with the rogowskii coil in these
experiments relatively to the current measured when the wire located at the center of the coil

is shown. As it can be seen, the effect of a noncircular shape is practically negligible.

14
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Figure 3.5: Second mobile rogowskii coil. The relative signal measured by this rogowskii
coil, when the wire with the current situated in the different position within the coil is

presented.

3.2 Original configuration

The original ohmic coil configuration is based on the D1, D2, E1, E2 coils connected in
series. These coils produce the poloidal magnetic field in the vacuum chamber shown in
Fig.3.6. This field has an X point and a maximum on the high field side. As the plasma has
diamagnetic properties this magnetic field pushes out the plasma column toward the low
field side.

An example of a time trace of the plasma current and the loop voltage measured in this
configuration is presented in Fig.3.7. Although different plasma conditions were used, the
duration of the plasma current channel remained almost unchanged. In this experiment the
plasma was lost on the wall of the vacuum chamber. With the help of HEXTIP data we
determined that in these experiments the plasma column moves from the high field side to
the center and subsequently downward to the wall. This result was confirmed by

measurements made with the mobile rogowskii coil (Fig.3.8).
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Figure 3.6: Poloidal vacuum magnetic field induced by ohmic coil for the coil current 3004
(the color scale shows the absolute value of the field in [T] for the 1004 current in the

ohmic coils).
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Figure 3.7: Time traces of the plasma current and the loop voltage for different conditions:
different lengths of the loop voltage pulse, different values of the loop voltage, different
toroidal fields, different injected microwave power, different gas pressures. The conditions
are those of the standard shot: the Argon pressure is 1.3x10”mbar, the microwave power

1kW, and the toroidal field is 72mT.

16



OHMIC SYSTEM

v I 2
02 J, A/m*  t=10ms 8000 02 J,A/Im*  t=13ms 8000
0.15 ] 7000 0.15 ] 7000
0.1 ] 5000 0.1 ] 5000
0.05 5000 0.05 5000
N N
-0.05 3000 -0.05 3000
0.1 ] 2000 0.1 ] 2000
-0.15 ] 1000 -0.15 ] 1000
K 0.9 1 R 1.2 0 0338 0.9 1 1A 1.2 :
R, m R, m
b e 2 -
02 J, A/m*  t=13.5ms 8000 02 J, A/m*  t=14ms 8000
0.15 ] 7000 0.15 ] 7000
0.1 ] 16000 01 ] 16000
0.05 5000 0.05 5000
E o ‘ | 4000 E o r ‘ 4000
N | N 3
-0.05 3000 -0.05 3000
0.1 ] 2000 0.1 ] 2000
0.15 ] 1000 015 ] 1000
K 0.9 1 11 12 0 K 0.9 1 11 12 0
R, m R, m
2 9
02 J, A/m°  t=14.5ms 8000 02 J, Aim*  t=15ms 8000
0.15 ] 7000 0.15 ] 7000
0.1 {1 F 46000 01 ] 6000
0.05 5000 0.05 5000
N . N
-0.05 3000 -0.05 3000
0.1 2000 0.1 ] 2000
015 1000 015 ] 1000
K 0.9 7 1A 1.2 0 K 0.9 1 1A 12 0
R,m R, m

Figure 3.8: Current density profile in [A/m’] for the time of 10, 13, 13.5, 14, 14.5 and 15ms
measured by the mobile rogowskii coil in the same conditions as the standard shot in

Fig.3.7.

It is important to stress that, during the stable phase (lasting around 1.2ms), the estimated

total poloidal magnetic field has closed magnetic field lines (Fig.3.9).
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Figure 3.9: Calculated total poloidal magnetic field in [T], using the assumption that the
current density profile is proportional to the density profile, which was measured with

HEXTIP in the same conditions as the standard shot shown in Fig.3.7.

To optimize the duration of the current channel in these discharges, vertical magnetic field
coils were used. In principle, the value of the stabilizing magnetic field depends on the
plasma current. Here, for simplicity, a constant magnetic field, irrespective of the plasma
current, was used. Experiments showed (Fig.3.10 and 3.11) that negative vertical field
(directed downward) has a stabilizing effect on the plasma column. But when the duration of

the plasma column increases, the value of the maximum total plasma current decreases.

1100

400 : : ~
T P ST T S—— e —
2001 . : . : -

Figure 3.10: Maximum plasma current value as a function of vertical magnetic field

measured in the same conditions as the standard shot in Fig.3.7.
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Figure 3.11: Duration of the plasma current channel as a function of the vertical magnetic
field measured in the same conditions as the standard shot in Fig.3.7. The duration is
defined as the length of the time window when the current measured by the large rogowkii

coil is higher than 10A.

3.3 Plasma equilibrium in a tokamak-like configuration

There are at least three reasons why the plasma column tends to increase its major radius
and move to the outer wall of the tokamak [41]. First of all, the plasma has diamagnetic
properties, which make it tend to go to the low field side, due to charge separation and the
E x B drift. Second, the plasma torus has pressure, which tends to increase its major and
minor radius. Third, the plasma torus is a turn of a conductor with a relatively high current,

so it tends to increase his conductance by increasing the major radius.

In order that the plasma column be maintained in equilibrium with a help of approximately
homogeneous magnetic field perpendicular to the toroidal plane, this field should have a
certain value and curvature [42]:

1 &R
B, = Koy (ln—”+A—l)

10
4Jer a

where y, is the permeability of free space, I, is the plasma current, R, and a are the major

and minor radii of the plasma column, A is the coefficient of asymmetry of the poloidal
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field determined by the formula:

_ 8ﬂ<p> +£
B 2

A -1

1

where the angle brackets denote averaging over the plasma cross-section; p is the plasma
pressure, B, is the field of the current flowing in the plasma and [, is the internal inductance

of the unit length of the column. The curvature of the vacuum vertical field is quantified by

the decay index: n = _I 4B For equilibrium the decay index should comply with the

L ar

inequality O<n <§. The first condition, implying positive decay index, leads to the

poloidal magnetic field curved outwards of the main axis. This is the condition of the
equilibrium position of the plasma relative to the vertical displacement. When the curvature
of the field is high, the poloidal magnetic field decreases strongly from the high field side to

the low field side. This is an unfavorable situation for the plasma equilibrium relative to the
. . .. 3 ..
horizontal displacement, thus one need the second condition, n < > that limits the curvature

of the field.

According to these formulas for equilibrium, the vacuum poloidal magnetic field should

point downwards and have a value of the order of 0.1mT for a plasma current of 1kA.

3.3 Improved configurations

We consider the initial configuration (Fig.3.6) from the point of view of plasma equilibrium,
as discussed above. The direction of the poloidal field is incompatible with equilibrium on
the low field side, and the curvature is incompatible with equilibrium on the high field side.
Thus the plasma column is not in equilibrium with respect to a horizontal displacement on
the high field side and with respect to a vertical displacement on the low field side. This can

also be proven on the basis of the decay index profile (Fig.3.12).
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Figure 3.12: Decay index profile for the original ohmic coil configuration (brown means

that the decay index is above 1.5 and white that the decay index is negative).

To improve the equilibrium, a coil configuration providing the correct magnetic field

direction, curvature and value should be found.

A second configuration that was tested uses coils Al, A2, E1, E2 (Fig.3.13). The advantage
of this configuration is that it provides the right magnetic field and curvature direction. On
the other hand, the value of the magnetic field is one order of magnitude higher than it

should be for the equilibrium. As a consequence, the plasma column is squeezed to the high

field side.
A third configuration that was tested uses coils D1, D2, A1, A2, C1 and C2 (Fig.3.14). This

configuration leads to a complicated magnetic structure, with a minimum magnetic field in

the center of the vacuum chamber.
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x 10"

Figure 3.13: Vacuum magnetic field in [T] during the ohmic shot using A1, A2, E1 and E2

coils connected in series with 1004 current.

Figure 3.14: Vacuum magnetic field in [T] during the ohmic shot using D1, D2, A1, A2, C1

and C2 coils connected in series with 1004 current.

A short (~1ms) stable phase was found in this configuration (Fig.3.15). In the poloidal

region, where the plasma column is observed to be stationary, the magnetic field satisfies all
conditions for equilibrium.
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Figure 3.15: Plasma density profile (in [m™]) in the stationary phase in Hydrogen plasma
with a neutral pressure of 6.1x10”mbar, a toroidal field of 76mT, a microwave power of

1kW and a loop voltage of 7V.

To extend the stable phase of the discharge, the vacuum poloidal magnetic field should
satisfy the equilibrium conditions during its entire duration. For this, a second power supply
can be used. In [43] the previous configuration (Fig.3.14) was used to minimize the parasitic
magnetic field produced by the ohmic coils. A second power supply was connected to the
E1 and E2 coils to produce the desired field. The total vacuum poloidal field is presented in
Fig.3.16.

Using this complicated configuration, the duration of stable phase of the discharge reached
17ms (Fig.3.17). To further increase it, a system, with feedback control of the current in

coils relative to the plasma current, should be used.
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Figure 3.16: Evolution of magnetic field and decay index for three consecutive times during
one shot. DI, D2, Al, A2, CI and C2 coils are referred to as Grl, EI and E2 coils are

referred to as Gr2.
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FIG. 50. Time evolution of plasma current for three different currents in the EI1 and E2 coils
(104 (blue), 704 (red) and 1504 (black)).
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Fast ion source

The task to design and build a fast ion source was made challenging by the need to satisfy
several constraints: small physical dimensions; a fast ion current higher than 0.5pA; a casing
of the source that should be vacuum and plasma compatible; the source should be able to
withstand the microwaves present in the plasma; an emitter operates at a temperature about

1100°C, thus all parts should withstand this temperature.

Due to the relatively low energy required (100eV- 1keV), a small cylindrical ion source can
be used. Such an ion source can be installed directly inside the TORPEX vacuum vessel
[44]. The scheme with a two grid accelerating system with a thermionic emitter [45] was

chosen for the fast ion source.

The ion source consisting of two aligned grids (a screen and an accelerating grid), and an
ion emitter is schematically presented in Fig.4.1. The screen grid will have the same
potential as the plasma to minimize perturbations. The mesh size of this grid should be
smaller than the Debye length to prevent penetration of plasma inside the source. The aim of
the internal grid is to prevent electrons from reaching the emitter. That is why the potential
on this grid is negative and much higher than the electron temperature. The emitter is set at
relatively high positive potential (up to 1kV). This potential could be modulated with a
frequency up to 10kHz. The modulation of the potential allows synchronous detection of the
fast ion beam. The emitted ions in such a configuration have energy equal to the emitter
potential minus the external grid potential. By varying the potential on the internal grid, the
beam can be focused. The highly negative potential on the internal grid increases the electric
field around the emitter, which in turn increases the ion current due to the Schottky effect

[46][47][48].
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Figure 4.1: Schematics of the fast ion source: (1) external grid; (2) internal grid; (3)

emitter.

4.1 Optimization of the electric field inside the source

To maximize the transparency of the accelerating part of the source, the homogeneity of the
electric field should be optimized. In fact, an inhomogeneous electric field would lead to
fast ion losses inside the source. The electric field optimization was performed in the frame
of a collaboration with the University of California at Irvine. The resulting optimized field is
shown in Fig.4.2. One of the main features of this optimization is that the emitter was
moved as close to the internal grid as possible to increase the electric field in front of the
emitter and to make it as homogeneous as possible. Another feature is the smoothing of the

edges of the grid supports. In this construction, the grid support edges act as Pierce optics

[49][50].
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Figure 4.2: Simulated electric field inside the optimized fast ion source (in [V/m]).
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4.2 Calculation of the source transparency

In order to estimate the fast ion current one should know the overall transparency of the
source. The overall transparency of the source is determined by the transparency of the grids
and the transparency of the source itself, which depends on the electrical field inside the
source. The results of a simulation calculating this field are shown in Fig.4.3. According to
the simulation, the fraction of particles that pass through the source does not depend on the
grid structure and mesh size, and is equal to about 0.80. The transparency of the full system
is then equal to the transparency of the external grid (0.56) times the transparency of the

internal grid (0.74), times 0.80. Thus, only 33% of the emitted ions pass through the source.
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Figure 4.3: Simulated ion trajectories inside the source with the grids (top) and without

grids (bottom) (color shows the value of electric field in [V/m]).
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4.3 Fast ion source electronics

The electronics for the source consist of three power supplies. The first power supply is for
the internal grid, which is set a negative voltage, up to -1kV. The second power supply gives
a positive voltage up to 1kV, which could be modulated at a frequency up to 10kHz. The
third is used to heat up the emitter, and can deliver up to 16V and 20A.

4.4 Emitter

An aluminosilicate lithium ion emitter was chosen for this experiment (the chemical formula
of emitter material is LiAlO,Si0,) [51]. The advantages of this emitter are a small size, very
low gas load and a relative ease to use. The disadvantages are a high operational temperature
and a limited lifetime. We used emitters produced by Heat Wave Labs [52][53]. The
working principle of the emitter is based on thermionic emission of positive ions from

aluminosilicates [54][55].

We used two types of Li-6 emitters. The main difference between them is in the physical
dimensions: 0.25inch and 0.6inch diameter Fig.4.4 and 4.5.
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Figure 4.4: 0.25-inch aluminosilicate ion emitter.
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Figure 4.5: 0.6-inch aluminosilicate ion emitter.

A small test bench was especially developed to test these emitters. This consists of a small
vacuum chamber kept at a pressure below 10°mbar. Inside the chamber there is a holder for
the ion emitter and a molybdenum collector (Fig.4.6). The distance between the collector
and the emitter can be preset in the range from 2 to 15mm. The test bench uses the same
electronics as the ion source. The collector is grounded through the ampere meter and the

emitter has a positive (repulsive) potential.

Figure 4.6: The ion emitter mounted on the test bench.

This kind of emitters operates in vacuum, at pressure less than 10°mbar. To start the
emission, the system needs to be heated at a temperature higher than 1100°C. If the emitter

is heated quite fast, the adsorbed particles would be released. These particles could be

absorbed by the emission surface and the emitter will be poisoned. Thus the heating cycle
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must be quite slow. Typically, for its first usage, the emitter is heated from room
temperature till 1100°C in about 7 hours, as shown in Fig.4.7. During this heating phase the
vacuum pressure is kept lower than 10°mbar. The ion current depends nonlinearly on the
heating power, as shown in Fig.4.8, which was compiled from a large number of
experimental tests. When the emitter is heated, it emits light, whose brightness depends on
the temperature. Fig.4.9 illustrates the dependence of ion current upon the emitter

brightness.
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Figure 4.8: lon current as a function of heating power.
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Figure 4.9: The ion current as a function of light intensity emitted by the hot emitter.

The significance of the Schottky effect was checked on the dedicated test bench, Fig.4.10.
Due to this effect, when the accelerating voltage is increased in the source, the fast ion

current also increases.
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Figure 4.10: The ion current rises when the accelerating voltage increases, due to the

Schottky effect.

4.5 Source design for 0.25” emitter

The emitter operates at a temperature of about 1100°C, thus all parts of the fast ion source
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should sustain this temperature. For the source material we chose molybdenum and boron
nitride for the dielectical parts. To solve the problem of grid support a design with the grids
squeezed between two rings was chosen, Fig.4.11. Three stainless steel screws squeeze each

pair of rings. Two rings fabricated from boron nitride isolate the grids between them.

Figure 4.11: Main parts of the fast ion source (red is ion emitter, grey parts are made from

molybdenum and yellow parts from boron nitride).

The grid and emitter supports are all placed inside a boron nitride casing, Fig.4.12, 24mm in
diameter and 50mm in length. The source is glued to the ceramic tube with the glue
“Resbond 989” [56], which can sustain temperature up to 1600°C. A picture of the complete

incased fast ion source is presented in Fig.4.13.

Figure 4.12: The schematics of the source.
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Figure 4.13: The incased fast ion source.

4.6 Source design for 0.6” emitter

To increase the ion current, a fast ion source with a 0.6” emitter was developed, Fig.4.14,
and constructed Fig.4.15. The main design principles are the same as for a smaller source.
Its dimensions are 43mm in diameter and 70mm length. The interest of this source is to
extend operation to higher density plasmas, both in TORPEX and other devices. Naturally,
increased dimensions imply a trade-off on the spatial resolution of the fast ion scan injection

point.

Figure 4.14: Schematics of the fast ion source with 0.6” emitter.

33



CHAPTER 4

Figure 4.15: The incased fast ion source with 0.6 emitter.

4.7 2D probe positioning system

The fluctuation and turbulence level strongly depends on background plasma profiles e.g.,
on the position of the pressure gradient, and for different regimes the region of interest may
vary in the poloidal cross section. Thus, it is necessary to install both the fast ion source and
the gridded energy analyzer on a 2D poloidally moving system to be able to change the fast
ion deposition radially and vertically and to measure the fast ion current profile over the
whole plasma cross section. Considering the high price and the limited lifetime of
conventional bellows, for both motions we have chosen to use sliding seal feedthroughs
with differential pumping (Fig.4.16), a solution similar to that adopted on the large plasma
device LAPD [57]. The design of the angular feedthrough based on a steel ball allows an
angular excursion of up to 70°. Ceramic tubing supports the probe inside the plasma
column. As a consequence, the linear feedthrough placed approximately 40 cm away from
the ball see Fig.4.16. Such construction gives us the possibility to cover almost the entire
poloidal cross section, except for a small upper-right part, a limitation caused by outside
structures mounted on TORPEX. The positioning of the detector is achieved remotely using

DC motors and controlled through software.
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Figure 4.16: Drawing of 2D poloidally moving system. The main elements of the drawing
are (1) vacuum vessel, (2) coverage area, (3) angular and (4) linear motion feedthroughs,

(5) ceramic tube, (6) remote linear motion system, and (7) arm for remote angular motion.

These 2D moving systems are now widely used on TORPEX, including for triple probes,
mach probes, mobile Rogowskii coils, gas-puffing systems, the fast ion detector and the fast

1on source themselves.

Figure 4.17: Photo of 2D poloidally moving system installed on TORPEX.
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Double gridded energy analyzer

A fast ion detector should have small physical dimensions, should be able to measure a fast
ion current as small as 0.1pA; the casing of the detector should be vacuum and plasma
compatible and the detector should be able to withstand microwaves. We chose to use a
miniaturized gridded energy analyzer [58]. This detector can measure fast ion energy and
current density profiles. To improve the signal to noise ratio, a design with two gridded
energy analyzers was chosen. The advantage of this configuration is that one GEA measures
the fast ion beam together with the background signal and the other GEA measures only the
background noise. Thus the actual signal from fast ions can be obtained by a subtraction of

signals from the two parts of the detector.

5.1 Design of the double gridded energy analyzer

Each gridded energy analyzer consists of two grids and a collector (Fig.5.1). The external
grids are usually set at plasma potential to minimize the plasma perturbation. The size of the
grid mesh was chosen to be smaller than the Debye radius to impede penetration of plasma
into the detector. The aim of the internal grids is to prevent electrons from reaching the
collector. That is why the potential on these grids is set negative and much higher than the
electron temperature. Another feature of this detector is to have movable collectors. By
moving the collectors one can choose the sensitivity angle of the detector: when the
collector is close to the internal grid, the detector is sensitive to particles coming from a

wide angular distribution.
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Collectors should have positive potential, so that they capture all ions with energy higher
than the set potential. Sweeping the collector potential allows one to measure particles with
energy higher than the potential of the collector with respect to the plasma potential. Using

this data one can obtain the energy distribution function.

10k 10k

+/- PS +/- PS

Ul

+/- PS

Figure 5.1: Schematics of the double gridded energy analyzer.

To measure the electron energy distribution the polarities of potentials on the internal grid

and collector should be simply inverted.

An exploded view of the detector is shown in Fig.5.2. The dimensions of the detector are
15x70mm®. The spatial resolution is determined by the inlet diameter of the analyzer, 6 mm,
and by the accuracy of the 2D system positioning, about 5 mm. An energy resolution of ~1'V
is enough to measure the fast ion beam energy distribution, in order to investigate transport

both in real and velocity space that could be caused by interactions with the plasma.
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Figure 5.2: An exploded view of the fast ion detector (grey parts — rings with grids and

collectors; yellow — insulators from plastic; blue and green — macor casing).

Figure 5.3: Assembeling one of the two identical parts of the detector. The macor casing

and the grids squeezed between aluminum rings can be seen.

5.2 Electronics for double gridded energy analyzer

The electronics for the detector consists of three 100V power supplies (Fig.5.1). The signals
from the collector can be measured in one of three ways: 1) from one side of the detector

(Uy); 2) from the other side (U,); 3) differentially (U;-U,). These regimes can be chosen
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before each experiment. Two resistances of 10kOhm are installed inside the detector, whose
purpose is to convert current into voltage. They are installed inside the detector to minimize
the noise level. Isolated preamplifiers with a gain at 1, 10 or 100 are then used. After there is
a main amplifier with a gain 2, 4, 10, 20, 40 or 100. The amplified signal is acquired with a
sampling frequency of 250kHz. This electronics allows us to measure a fast ion current of
the order of 0.1pA. It also allows sweeping the voltage with an arbitrary waveform at the
grids and/or collectors with a frequency up to 3kHz. This frequency is limited by the

parasitic capacitance of the detector.

5.3 Electron distribution function measurements

Measurements of the electron energy distribution function were performed to test the
detector and the electronics. In these experiments we measure the electron distribution
function from each part of the detector separately. The detector was aligned toroidally. Thus,
one part of the detector was measuring the distribution function of electrons with a velocity
collinear to the toroidal magnetic field, and another part was measuring the opposite
directed electron distribution function. The voltage on the collectors was swept at a
frequency of 330Hz. An example of the temporal evolution of the measured signal (U;) and

of the voltage (U) on the collector is shown in fig.5.4.
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Figure 5.4: The example of temporal evolution of measured signal (U;) and tension (U

on collector.
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The step in each period on a measured signal can be explained by the internal capacity of the
detector and of the wires between the detector and preamplifiers. To analyze this data an
average over each period of the signal was performed. The averaged electron distribution
function for each part of the detector was obtained. Electron energy distribution functions
were measured at different radial detector positions in the Z=0 horizontal plane, as presented

in Fig.5.5.

T T T T T 18.7cm

EEFD, a.u.

EEFD, a.u.

Figure 5.5: The electron energy distribution function as a function of radial detector
position (in cm) on the Z=0 horizontal plane for the collinear to the toroidal magnetic field
part (top) and opposite to the toroidal field part (bottom). The conditions of the discharges

are: the Argon pressure is 1.1x10”mbar, the microwave power 10kW, and the reversed

toroidal field is 76mT.

41



CHAPTER 5

Using these data one can estimate the temperature of the fast and thermal electron
populations. We assume that in the high electron energy range we do not have any
contribution from the thermal part, hence the slope of the distribution function in this range
provides the temperature of the fast electron population. Based on this temperature, we
could find the temperature of the thermal electron population. The results of this analysis are

shown in Fig.5.6.
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Figure 5.6: The temperature of fast (red) and thermal (black) electron population as
function of radial position for collinear to the toroidal magnetic field part (top) and
opposite to the toroidal field part (bottom).
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The two peaks on the left of Fig.5.6 are situated at the same radial position as the electron
cyclotron and lower hybrid resonances, where plasma production via electron acceleration
and impact ionization takes place. The thermal population temperature is not significantly
different from that of the fast electron population. This means that the most of the fast

electrons have one preferred toroidal direction in TORPEX.

5.4 Analysis method used for ion current measurements

A synchronous detection [59] is necessary to extract the fast ion signal from noise. For this,
the fast ion beam should be modulated. An example of the temporal evolution of the

measured signal (U;-U,) and of the modulation voltage (Uy) is shown in Fig.5.7.

0 I i i I i
0.264 0.265 0.266 0.267 0.268 0.269 0.27 0.271 0.272
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Figure 5.7: Example of temporal evolution of the measured signal (U;-U>) and the voltage

(Ucoy) on collector.

For example, if the reference is sinusoidal and the actual signal is sinusoidal with a phase

shift, 0, then the detection process consists of multiplying these two components together:

V

out

= Acos(wt)Bcos(wt + 0) = %ABCOSQ + %AB cos(2wt + ). Thus, the output is:

proportional to the magnitude of the input signal; proportional to cosine of the angle, 0,
between it and the reference signal; and modulated at 2wt . In a practical situation the signal

is usually accompanied by noise, but it can be removed by the output filter.
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Chapter 6

Specific set-up for the fast ion beam

experiment

To investigate fast ion-turbulence interactions on TORPEX we should have a controllable
fast ion source and diagnostics appropriate to measure the fast ion beam parameters, the
background plasma profiles, and the turbulence properties. TORPEX plasmas are
characterized by electrostatic fluctuations and turbulence originating from drift-interchange
instabilities, driven by the pressure gradient and the magnetic curvature, i.e., mechanisms
relevant to magnetic fusion [28]. The fast ion energy should be significantly higher than the
plasma temperature, but low enough that fast ions are confined by the toroidal magnetic
field. For TORPEX these conditions are satisfied for fast ion energies from 100eV to 1keV
for Li-6 single ionized particles. The Li-6+ ion with 100eV energy has a Larmor radius of

about 3.5c¢m for Br=0.1T.

6.1 Classical transport

The following formula for the slowing down rate of ion beam was derived [60]:

E_r E

s

dE 2E( E)%
= 2T g St

where E is the energy of the fast ion, 7 is the characteristic Spitzer slowing down time and

E_ . is the critical energy. Below this energy the exchange from collisions with ions

crit

dominated over the exchange on the electron population. These two quantities are defined

as:
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ne*lnA
Ap = 2 eim>
TTEM; and
3 2/3 1/3
Ecriz = (_’\/E) ﬂ ﬂn
4 m,) m,

where T, is the electron temperature, m,, m,, m, are the electron, fast ion and plasma ion

masses, n is the plasma density, e is the electron charge, and InA is the Coulomb

logarithm.

A Li-6 fast ion with 100eV of energy makes one toroidal turn in 0.11ms. The slowing down
time for typical TORPEX plasma parameters due only to classical collisions is 30ms. Thus
the ion beam is expected to remain essentially monoenergetic during one toroidal turn. The
critical energies for typical hydrogen and argon plasmas are equal to 440 and 180eV,
respectively. Below these energies the collisions of the fast ions with thermal ions dominate

over fast ion-electron collisions.

6.2 Space charge

After injection, the beam tends to diverge, due potentially to at least six mechanisms:
particle drifts, space charge [61][62], classical transport, poloidal electric field, turbulent
transport, and interaction with Alfvénic modes [6]. Experiments with and without plasma

but with magnetic field will help us separate the first two from the last four mechanisms.

The divergence of the fast ion beam due to the space charge can be explained by the formula

[63]:

z e EM? dx
r, V2m 1'% < lnx

where z is the distance covered by the fast ion beam, r,, r are the initial and final radii of

. . . . . r .
the fast ion beam cross section and 7 is the fast ion current. Assuming that (— - 1) <<1, this
To
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equation can be simplified:

3/4
z / e E |r
— =42 =1
T 2m 1 T
For typical TORPEX parametres for z=27nR,, where R, =1m is the major radius of the

machine, this gives (L—l) ~3x10™° which is compatible with the assumption. Thus the
To

divergence due to the space charge can be neglected. This statment is true as long as the ion

current is below, or of the order of 1uA.

6.3 Fast ion trajectory

Both the source and the analyzer are installed on 2D poloidally moving systems in two
different cross sections (Fig.6.1), to change the fast ion current deposition and to measure

the fast ion current profile. The beam is launched toroidally.

X, m

Figure 6.1: Toroidal cross section of TORPEX with (1) fast ion source with support, (2)
gridded energy analyzer, (3) trajectory of fast ions, (4) vacuum vessel, and (5) ports.

The simulation of the single particle trajectory in a magnetic field configuration equivalent
to that of TORPEX shows the possibility to control the beam trajectory and the particle drift
divergence by varying the vertical magnetic field intensity. The vertical and horizontal
displacements of the beam from initial poloidal position are shown in Fig.6.2 and 6.3. From
this simulation one can conclude that the horizontal displacement is negligible with respect

to the vertical one.
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0.7 T T T T T

Bver, T %10

Figure 6.2: Vertical displacement of the fast ion beam from the initial poloidal position. The
fast ion energy is equal to 100eV, the toroidal field is 0.1T.

3
x10

7

Bver, T x 10

Figure 6.3: The horizontal displacement of the fast ion beam from the initial poloidal
position. The fast ion energy is equal to 100eV, the toroidal field is 0.1T.

The simulations show that for a specific value of the vertical magnetic field the fast ion
beam remains at the same poloidal position. To understand this effect one could consider the
vertical and toroidal component of magnetic field separately. In this special case the velocity
of fast ions remains all the time parallel to the toroidal field, which therefore does not
influence the fast ion orbits. The circular motion of the ions corresponds to a gyration
motion with a Lamor radius equal to the main radius of TORPEX. The value of this Lamor

radius is defined by the vertical magnetic field.

48



Chapter 7

Simulation model of the fast ion interaction

with turbulence

To interpret the experimental data two models were used. The first model is based on
equations of motion and is written in MATLAB. It takes into account the magnetic field of
TORPEX and the collisions with ions from the background plasma. In this model it was
assumed that plasma influence on the beam only through collisions and static homogeneous
on the scale of beam electric field. The second model does not take into account the

collisions but considers the turbulent electric field. It is written in C++.

7.1 MATLAB based model

In this model we assume that the fast ion current is quite small. Thus the divergence of the
beam due to space charge effects is negligible. We also assume that the interaction between
fast ions is negligible, and neglect electron collisions. Hence one can use the equations of
motion separately for each fast ion, taking into account the magnetic field of TORPEX, the

electric DC field from the plasma and collisions with ions.

The equations of motion in the cylindrical coordinates with the z-axis coinciding with a

symmetry axis of TORPEX are:



CHAPTER 7

du, 1,
m . = q(u(pBZ - uZB(p)

r
duy |ty

m( 2 + . )—q( urBZ)
du,

md—t”=q(urB(p)

where m and ¢ are the mass and the charge of a fast ion, u,, u, and u, are components of
the ion velocity, B, and B, are the toroidal and a vertical components of the magnetic field (

R, is the main radius of TORPEX, B, is the toroidal magnetic field on R = R,):

BZ = const

R
B,=B, "

tor

The Euler method [64] was used to solve these equations:

2
r.,, —2r+r, R U,
= : E= i u(‘piBZ - uziBtor — |+
At m ST : r,
u¢i+1 B u(Pi — i _ i+l - rz B ri+1 ~ rz u(ﬂl
At m\ At C Ar
uzi+1 — uzi - i tin =1 B &
At m AZ’ tor ’/;
where:

ri+l = rz + uriAt
Qi =¢; + ”@‘At

Ziy =2+ UL

with the initial conditions:

h=rn
@ =0
7, =0
u,=0
U, =V
u,=0

where r; and v, are the initial radial position and velocity of the particles.
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In reality the ion source has finite physical dimensions, thus the ion beam has finite initial
dimensions. Thus 7 and z, are homogenously distributed on the circular surface around a
point on poloidal cross section (r =r,,z=0). One should also take into account the angular
distribution and the energy distribution of the emitted ions. This modifies the initial

condition for the fast ion velocity:

U, = (Vo +2, /ZTbe Rn(l)) -sin(o - acos(R(1)))sin(27R' (1))
m

U, = (VO +2 21, R, (1)) . cos(a- acos(R(l)))
m
2T,e .
U, = (VO +2,=2 Rn(l)) -sin(0 - acos(R(1)))cos(27R(1))
m

Here 7, is the fast ion temperature, R (1) are normally distributed random numbers with
mean 0 and variance 1, R(1) and R'(1) are homogeneously distributed random numbers in a
range from -1 to 1, o is a width of angular distribution. In these expressions the term in
brackets takes into account the ion energy Gaussian distribution. The first multipliers in

these equations take into account the energy distribution and the second multipliers account

for angular distribution in such a way that HZ{H =V, + 21/27;’6 R (1) does not depend on the
m

angle.

To take into account the collisions with the plasma particles the method proposed in [65]

was used to modify particle velocity in each step:

, A
u'” =u’ + u,mf%tK *R(6)

' = ul — A, H + u, NVAtH - R(6)

@

A
W = 4 u,,ﬂ/"?tK - R(6)
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ne4A(ml. + mp)

V=
2.2 3
dmeym;m,u,,
old
and x=-—"—, where u, is thermal velocity of the plasma ions, and R(6) indicates
U,

homogeneously distributed random numbers in a range from -6 to 6

The simulated fast ion current profile with and without collisons and the velocity
distribution function after one toroidal turn are shown in Fig.7.1, Fig.7.2 and Fig.7.3. The
folowing conditions were used: a fast ion beam energy of 100eV with a standard deviation
of 0.1eV, a toroidal field of 0.1T, a vertical field of -3.5mT, a plasma density of 10'°cm>,
and a standard deviation of angular distribution of 0. These figures show that for the
particles that travel one toroidal turn around TORPEX, the collisions with plasma ions

become important and play an essential role in the beam divergence.

Fast ion current, a.u.

0.95 1 1.05
R, m

Figure 7.1: Histogram of the simulated fast ion current profile without taking into account

Coulomb collisions (the white circle shows an initial beam position).
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Figure 7.2: Histogram of the simulated fast ion current profile taking into account Coulomb

collisions (the white circle shows an initial beam position).
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Figure 7.3: Histogram of the initial (black) and final (red) velocity distribution functions.

7.2 C++ based model

The equations of motion are used in this simulation with a turbulent electric field to describe
the fast ion behavior in TORPEX plasma [66]. A Cartesian coordinate system is used:
d_ .
—7=0
dt
L = q(E(F.0)+ 0 x B 1)
dt
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To simplify these equations, a normalization scheme was used. The natural choice for the

o o : B
normalization of time is the ion cyclotron frequency, w, = h, where m=6-1.67-107Kg
m

2E,

m

is the mass of the Lithium ion. The velocity is normalized to the value v, =
corresponding to fast ion energy of E,=1keV. The 7 is normalized on the ion Larmor
: v . : . .
radius, p, = —>. The value of toroidal field is used for the normalization of the magnetic
a)B

field. With these normalized units, the equations of motion had:

d_.
—r=v
dt

iﬁ = E(F,1) + U x B(F,1)

dt

These equations in a discretized form:
7(n+l/2) _ ;;(n—l/Z)

At
—(n+l) —n —(n+l) —n
v -v = v -v =g
_ E(r(n+1/2))+ X ><B(r(n+1/2))
!

=ﬁn

At
The Boris algorithm is used to solve them [67], which helps to separate the effect of

electrical and magnetic fields without adding any numerical errors.

The magnetic field in the simulation has a vertical and a toroidal component:
— R, . A
B=B, }Oeq) +Be,

Note that the ripple due to the finite number of toroidal coils is not taken into account. In
[34], it is shown that in the region where the fast ion experiments were conducted the error

in the magnetic field due to the ripple is less than 2%.

The main feature of the simulation is the presence of the electric field, both from the

background and from turbulence, which is calculated by deriving the potential:
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J .
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The potential obtained by the 2D simulation [68] based on drift-reduced Braginskii
equations [69] in CGS units:

an_ %,n P L +7;a—n—enﬁ—¢ + DVn - T exp A-P +8,
o B, | erB,\" v oy ay R T,
2 2
NG _ %,qu) o 2B (Ton T + Wi+ TPy exp A
ot B, cmR\n dy dy eR T,
2
I |9 op |y ¢ (Tp Il Toon_ 0 901 4 vop Z 2908y g1exp( A= P | 071+ s,
o |B, 3eRB\2 “ay  nay ay 3 T,

where n, ¢ and T, are density, electric potential and electron temperature of the plasma, D

RB

Y

B,’

Cg = f:; , A=log f#, S, and S, are particle and heat source, [a,b] =d.adb-d.adb,

x and Yy are radial and vertical coordinates.

is the diffusion coefficient, v the kinetic viscosity, k, the thermal conductivity, o =

This simulation provides a 2D profile of the electric potential on a grid of 256x64 in the
plane perpendicular to the total magnetic field. All profiles in this code are assumed to have
symmetry along the total magnetic field. The potential is periodic in the poloidal cross
section with a period equal to the distance between the return of one magnetic field line. The
simulation time resolution, chosen to be 2.7us, is enough for turbulence investigation but
insufficient for simulating the fast ion dynamics. A linear interpolation was used to solve

this problem.

The initial conditions of the simulation were similar to those used in the MATLAB
simulation, with a difference that for the angular distribution a Gaussian distribution was
chosen instead of a cosine distribution. The travel time of the fast ions (~2.5us for the
present experiments) is usually much less than the characteristic time of the turbulence

(<10ms). Thus one should average the effect of turbulence on fast ions in order to eliminate
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the effect of individual fluctuations. To do that, all fast ions are divided into bunches of 100
particles. Each bunch is launched with a time shift of 135us. At the end of the run, we

analyze all particles from all bunches.

In Fig.7.4, an example simulation is presented. Here the beam energy equals 300eV, the
standard deviation of the energy is 0.3eV, the standard deviation of the angular distribution
is 0.2rad, the electric field equals 0. First, the beam drifts in the vertical direction due to the
toroidal drift (diamagnetic and curvature drift). Second the beam has ripples, due to the

cyclotron motion.

200

=
o
=)

Fast ion counts

=
o
=]

R, cm

Figure 7.4: Isosurface of a fast ion beam (L is a coordinate along the toroidal direction)

Thus the C++ simulation provides full information about the fast ions (coordinates and
velocity of each particle). However the simulation is not self-consistent because the fields
produced by the fast ions themselves are not taken into account, nor are the collisions with

plasma ions and neutrals.

7.3 Benchmarking the simulations.

In order to validate both simulations we launched them with similar initial conditions: the
initial beam energy equals 300eV, the spread in energy equals 0.3eV, the spread in angle
equals 0.2rad, the electric field equals 0 and no collisions. Here we compare the profiles

moving away toroidally at L=26cm from the ion source position.
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The fast ion current density profile simulated with the simple Matlab model is presented in
Fig.7.5. The centre of mass is at R=1.0lm, Z=1.8cm and the full width half maximum
equals 3.6cm. The same profile simulated with the C++ model is shown in Fig.7.6. It has a
similar centre of mass position of R=1.009cm, Z=1.8cm and identical full width half
maximum of 3.7cm. The form of both profiles differs because of different functional angular
distributions used in both models. The vertical displacement of 1.8cm could be also verified
by drift theory [70]:

L m m

— — v,,, =2.1cm, where L =26cm is the toroidal displacement, v,
v, 2E eBR

ion

and v, are ion velocity and drift velocity.

Thus, both simulations with similar initial conditions have similar results, which are

compatible with drift theory.
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Figure 7.5: The fast ion current density distribution simulated using a simple MATLAB
model at L=26cm.
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Figure 7.6: The fast ion current density distribution simulated using the C++ model at
L=26cm.
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Experimental measurements

First of all, the experiments without plasma but with different magnetic configurations were
conducted to establish the fast ion beam behavior. Then, in order to investigate the
interaction of turbulence on the fast ion beam we compared fast ion profiles in the presence

and absence of turbulent well characterized plasma.

8.1 Basic plasma scenario

Most of the experiments presented here were conducted using hydrogen plasmas produced
by means of magnetron-generated microwaves in the electron cyclotron range of frequencies
with a maximum power of 400W. The magnetron (2.45GHz) is set to deliver the maximum
power during the first second, then during the next 0.6 seconds it delivers a residual power
of approximately 200W (Fig.8.1). As a consequence, during each shot we have three stages,
one with the maximum power value, another one with only the residual value and the third

one without any power, i.e. no plasma but with all magnetic fields and neutral gas.
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t, sec

Figure 8.1: The evolution of the forward and reflected electron cyclotron power during the

chosen TORPEX discharges.

The magnetic field has a dominant toroidal component of 76mT, on which a small vertical
component of 2.3mT is added, resulting in helical magnetic field lines. The background gas
pressure is fixed at 4x10”mbar. The temperature, density and plasma potential profiles in

such a plasma are presented in Fig.8.2, 8.3 and 8.4.
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Figure 8.2: The temperature profile measured with an SLP Langmuir probe.
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Figure 8.3: The density profile measured with an SLP Langmuir probe.
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Figure 8.4: The plasma potential profile measured with an SLP Langmuir probe.
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Figure 8.5: Figure extracted from [71]. Time series of ion saturation signals (a), (d) at the
two locations indicated in (h) show coherent fluctuations in the main plasma region (mode
region) (cross) and intermittent bursts at the edge (circle). Also shown are the respective
probability distribution functions in frames (c), (f) and the power spectral densities in
frames (b), (e). (g), (h) 2D poloidal profiles of skewness and kurtosis of ion saturation
signals. In (g) the profile of the fluctuation power in the frequency range 3.9+0.5kHz is

shown in white and localizes the interchange wave.

Two main poloidal regions characterize this plasma [71]. The first region,
-S5cm=(R-R,) =< 5cm’ is referred to as the mode region, as it is dominated by a coherent
interchange wave. The second region, S5cm <(R-R,)=<15cm, is characterized by the
propagation of blobs, i.e. structures generated by turbulence corresponding to the region of
enhanced plasma pressure, hence it is called the blob region. The properties of the density

fluctuations obtained with HEXTIP are shown in Fig.8.5.
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8.2 Fast ion source and detector set-up

The fast ion beam is launched at the equatorial plane along the toroidal direction. The
detector is installed in the nearest vacuum port, resulting in a toroidal distance between the
detector and the source of 12.86" (Fig.8.6). This corresponds to a fast ion path of 22.4cm,

when the source and the detector are at the center of the vacuum chamber.

An important parametric dependence to understand of the interaction between fast ions and
turbulence is that of the fast ion transport as a function of the fast ion energy. To perform
these studies and compare the results quantitatively, one should make sure that the angular
and energy distribution of the fast ion beam remains unchanged. It is therefore not sufficient
to increase the emitter potential to increase the fast ion energy, because this will change the

focal length of the accelerating system.

Figure 8.6: Fast ion source and double gridded energy analyzer installed on TORPEX.

To solve this problem let us consider the case when the fast ion source is aligned with the
magnetic field so that one can neglect the magnetic field influence. Using the axial
symmetry of the source, the electric field in cylindrical coordinates inside the source can

easily be calculated [72]:
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dU(z) d*U(2)

E =- ~——
ar 2 dz

E, =0

E - _9U(z) _dUQ)

dz dz
Here the z-axis coincides with the symmetry axis of the source and U(z) is the electric

potential. Using these assumptions the equation of motion is:

\/U(z)i(\/U(Z) ﬁ) __rdv

dz dz) 4 d7

This equation is linear with respect to the potential. As Maxwell's equations are also linear,
by increasing the potential of all grids and the metallic parts inside the source
simultaneously by the same fraction the trajectory of the ions should remain the same.
Table8.1 presents the values of the potential applied on the external, internal grids and on

the emitter as a function of the fast ion energy.

Table 8.1. Potentials on the grids and the emitter.

Fast ion energy, eV

External grid, V

Internal grid, V

Emitter potential, V

300

0

-100

300

600

0

-200

600

900

0

-300

900

In the detector the potential was set to OV on the external grids, -50V on the internal grids
and +50V on the collectors. These values remain unchanged during all discharges. The

detector is thus sensitive to all ions with energies above approximately 50eV.

The double gridded energy analyzer measures the 2D ion current density profile. To
quantify the profile shape we used several quantities. First, we evaluate the radial and
vertical positions of the profile maximum. Second, we measure the full width at half
maximum (FWHM) along both the R and Z directions. A third type of values is needed to
quantify the asymmetry of the profile along both directions. To illustrate these quantities we
plot the R cut of the arbitrarily chosen profile in Fig.8.7. The FWHM along the R direction
is equal of R, - R, =1.13cm. Point D is a maximum, and point C divides AB by two equal

parts (AC=CB). The value § =R, - R. = R, — R. =—-0.09cm characterizes the asymmetry of
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the profile along the R direction. A negative value means that the maximum is shifted to the
left, i.e. to the high field side. These values do not completely quantify the profile, but they

help quantifying the comparison between theory and experiment.
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Figure 8.7: An illustration of the FWHM and O (asymmetry measure) calculation.

8.3 Experiments without plasma

To establish the behavior of the fast ion source and double gridded energy analyzer and to
understand the fast ion beam behavior in the presence of magnetic fields and plasma a first
set of experiments was conducted without any magnetic fields and without the plasma. In
these experiments the vacuum chamber was filled with hydrogen at pressure 1.9x10 mbar.
The modulation frequency of the source was equal to 125Hz. The source was placed in the

poloidal position R - R, =0cm, Z =0cm, the fast ion energy was 300eV and the ion current
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on the external grid amounted to 0.85puA. First we put the double gridded energy analyzer in
a poloidal plane 25.7° away toridally from the source. At such large distance the signal on
the analyzer was comparable with the noise level. The main source of the noise in the
absence of plasma is coupling with the modulated voltage on the source. In the presence of
plasma, in spite of the fact that the grids of the detector have smaller cells than the Debye
length, some electrons of the background plasma, from the Maxwellian tail and from fast
electrons accelerated by microwaves (Fig.5.6), can penetrate into the detector and perturb
the signal. To increase the signal we placed the analyzer and the source in the two nearest
ports that have a toroidal separation of 12.9°. This separation corresponds to 22.4cm of

toroidal distance for the case when the detector and the source are both at R — R, =0cm.

The double gridded energy analyzer was moved discharge by discharge to cover most of the
poloidal plane. 75 discharges were conducted to make the fast ion current density profile
presented in Fig.8.8. The width of the measured profile is much larger than the outlet
diameter of the source (0.6cm). The beam current density profile has a maximum at
R-R,=3cm, Z=05cm. As we will see further this displacement can be simply explained
by the fact that fast ion beam propagates in straight lines. The profile has almost circular
shape. The FWHM in the radial direction of 2.7cm is similar to that in the vertical direction,
which is of 2.6cm. The asymmetry measure along the radial (0.1+0.1cm) and vertical

directions (0.0+0.1cm) is negligible.

10.08

0.06

cm

0.04

Fast ion current, a.u.

0.02

R-RO, cm
Figure 8.8: The fast ion current density profile (arbitrary units) for the case without plasma

and without magnetic fields.
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The beam current density profile in the presence of an inverted toroidal magnetic field, with
respect to the usual configuration, of 79mT is shown in Fig.8.9. The other parameters of the
experiment remained unchanged. The maximum of the profile shifts vertically downward
(in the direction of the toroidal drift for ions), resulting in a maximum at R- R, =3cm,
Z =-1cm. One can also notice that the width of the profile decreases, with a radial FWHM
equal to 2.3cm and a vertical one of 2.3cm. The asymmetry of the profile increases, but

remains small, -0.3 cm in radial and -0.4cm in vertical direction.
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0.06

Z,cm
Fast ion current, a.u.

R-RO, cm

Figure 8.9: The fast ion current density profile for the case without plasma and with only
the toroidal magnetic field.

We then added to this configuration a vertical magnetic field of 0.8mT, oriented
downwards. 57 shots were used to construct the fast ion current density profile presented in
Fig.8.10. The position of the maximum remains the same as without vertical field.
Nevertheless, the FWHM in the radial and vertical directions differ and are equal to 2.0cm
and 3.3cm, respectively. The asymmetry measures in the radial and vertical directions are

0.2cm and -0.8cm, respectively.
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Fast ion current, a.u.

7 0 2 4 6
R—RO, cm

Figure 8.10: The fast ion current density profile for the case without plasma, with toroidal

and vertical magnetic fields.

The next natural step was to see how this profile is modified in the presence of plasma
(Fig.8.11). A microwave power of 400W was used to ionize the hydrogen. The profile shifts
upward by 0.75cm and inward by 0.5cm, and the maximum of the profile is at
R-R,=2.5cm, Z=-03cm. The profile becomes more circular, the FWHM in radial and
vertical directions are 2.4cm and 2.3cm respectively. The asymmetry measures in the radial

and vertical directions are negligible and equal to 0.0cm and 0.1cm, in that order.
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Figure 8.11: The fast ion current density profile for the case with plasma and with all

magnetic fields.
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These first calibration experiments show that reliable measurements of the fast ion current
profile can be obtained using the fast ion source and double gridded energy analyzer when
the distance between them is of the order of 25cm. The experiments also show that the
plasma interacts with and modifies the fast ion beam even over this short distance. The
integral in a.u. of the presented profiles is equal to 0.98, 0.93, 1.04 and 0.88 for Fig.8.8, 8.9,
8.10 and 8.11. Thus within 13% of accuracy, there is conservation of the particles between
these profiles. It is very unlikely that the density and velocity of the fast ions both vary to
give the same current because for this to happen, the fast ion velocity or density should
increase, which is difficult to imagine. That means that the plasma does not significantly
slowdown the fast ions and that no significant volume losses occur between the source and

detector.

8.4 Experiments with plasma in the blob region

A series of experiments was conducted in a blob-dominated region. The following
configuration was used: an inverted toroidal magnetic field of 79mT, a downward vertical
field of 0.8mT, a background pressure of 3.5x10mbar, an ion current on the external grid
of the source of 3.01pA and a microwave power of 400W in the first second of the
discharge then 200W during the next 0.6s. To measure each profile, 51 shots were run. With
three different levels of microwave power (Fig.8.1), during each shot we measured the fast
ion current in a case without plasma (microwave power of OW), in the case we refer to as
the main plasma (microwave power of 400W), and in the case we refer to as the residual
plasma (microwave power of 200W). The profiles for these three cases could be

constructed. The modulation frequency of the source was equal to 1kHz.

The fast ion current density profile in the case without plasma is presented in Fig.8.12. The
source was not perfectly aligned with the toroidal direction, as a consequence only part of
the profile was measured. The maximum of the profile is situated at R-R,=13cm,
Z =-4cm  and its position is similar to the case with the residual value of power (Fig.8.13).
In the case with the plasma, the position of the maximum shifts slightly upwards by 0.5cm

(Fig.8.14) with respect to the case without plasma. If we assume symmetry of the profile
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along the vertical direction, we can calculate the FWHM. In the cases without plasma, with
main plasma and with residual plasma, the FWHM along the vertical direction is equal to
4.1cm, 6.0cm and 6.9cm, respectively. These values significantly differ from the FWHM in
the previous series of experiments. This can be explained by the different poloidal position
and as a result different toroidal distance between the source and the detector. The integral
in a.u. of the presented profiles equals 1.75, 1.56, and 1.41 for Fig.8.12, 8.13 and 8.14.
However, this difference can be easily explained by the fact that the profiles are not

complete and only part of the particles and of the current are taken into account.
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Figure 8.12: The fast ion current density profile in the case without plasma.

5
0.12
01 3
]
0.08 £
£ 3
© Or c
N 0.06 2
7]
©
[T
0.04
0.02
e 10 12 14 16
R-RO, cm

Figure 8.13: The fast ion current density profile in the case with 400W microwave power.
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Figure 8.14: The fast ion current density profile in the case with residual value of power

200w.

After these two sets of experiments, the emitter was completely depleted and needed to be
replaced. Also the parts of the source, which were made of aluminium, were changed with
parts made of molybdenum. All these changes could lead to a slightly different geometry,
and as a result to slightly different angular and, probably, energy distributions compared

with the first set of experiments.

The rest of the experiments were conducted in the specific conditions described at the

beginning of this chapter.

In the next experiment, the energy of the fast ions remained fixed at 300eV and the ion
current on the external grid of the source was equal to 1.9uA. 98 discharges were operated
for the scan, to obtain an almost full coverage of the profiles. The fast ion current density
profile in the case without plasma is presented in Fig.8.15. The profile is not perfectly
centered because of a small misalignment of the source relative to the toroidal direction. The
maximum is situated at R — R, =12.5cm, Z =6cm. The profile is elongated vertically: the
vertical FWHM is equal to 4.7cm and the radial one to 2.7cm. The asymmetry measures for

radial and vertical directions are -0.4cm and 0.4cm.
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Figure 8.15: The fast ion current density profile in the case without plasma, the fast ion
energy is equal to 300eV.

The fast ion current density profile with the presence of plasma created by 400W of
microwaves is shown in Fig.8.16. The maximum of the profile shifts downward by 2.5cm,
resulting at R— R, =12,5cm, Z =3.5cm. The profile is broader than in the case without
plasma: the radial FWHM is 3.0cm and vertical one is 6.0cm. The asymmetry measures are

still small: 0.3cm radially and -0.5cm vertically.
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Figure 8.16: The fast ion current density profile in the case with 400W microwave power,

the fast ion energy is equal to 300eV.
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In Fig.8.17 the fast ion current density profile in the case with the presence of plasma
produced by residual 200W microwave power is presented. The maximum of the profile
remains at the same poloidal position as in the previous case (R - R, =12.5¢cm, Z = 3.5cm).
The width of the profile, on the other hand is slightly smaller: radial FWHM is 2.9cm and
vertical one is 5.7cm. The asymmetry measure along the vertical direction increases: -0.6cm,

while along radial direction it remains small (0.2cm).
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Figure 8.17: The fast ion current density profile in the case with residual value of power

200W, the fast ion energy is equal to 300eV.

The integrals of the profiles presented in Fig. 8.15, 8.16 and 8.17 are equal to 2.1, 1.96 and
1.89 in a.u.. Thus within 21% accuracy, there is conservation of the particles between these

profiles.

To investigate the effect of the fast ion energy on the interaction with the plasma, in the next
set of discharges we increased the fast ion energy up to 600eV. As a consequence, the fast
ion velocity and current are increased. The ion current on the external grid of the source was

equal to 2.8puA. 93 discharges were run in this scenario to construct the profiles.

Fig.8.18 shows the profile of fast ion current density in the case without plasma. The
maximum is moved, with respect to the previous series of shots, because the source was
turned a little for better toroidal alignment, and situated at R- R, =13.5cm, Z =2cm. The
profile is more vertically elongated: the vertical FWHM is 5.3cm and the radial FWHM is
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2.5cm. As we will conclude later the higher elongation can be explained by the higher
spread in the fast ion velocity distribution function. The profile is almost symmetric

vertically 8, =0.2cm and has small radial asymmetry 6, =0.5cm.

cm

Fast ion current, a.u.

0.05

5 10 15 20
R-RO, cm

Figure 8.18: The fast ion current density profile in the case without plasma, the fast ion

energy is 600eV.

On the next figure (Fig.8.19) the fast ion current density profile in the presence of plasmas
produced with 400W of microwave power is presented. The maximum of the profile slightly
shifts inwards: R-R,=13cm, Z=2cm. The width of the profile is increased, and the
profile becomes even more elongated: the vertical FWHM is 9.0cm, and the radial one is
3.1cm. The asymmetry measure along the vertical direction is increased to 0.5cm, along the

radial direction it is reduced to -0.4cm.

The last fast ion current density profile in this series of discharges was obtained with the
residual power, 200W of microvawes (Fig.8.20). The maximum of the profile shifts slightly:
R-R,=13.5cm, Z=2.5cm. As could be expected, the spread of the profile is between the
case with the main plasma and the case without plasma: the radial FWHM is equal to 2.6cm
and the vertical one to 7.5cm. The profile has a vertical asymmetry of §, =0.7cm, and a

radial asymmetry measure equal to 0.3.
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Figure 8.19: The fast ion current density profile in the case with 400W microwave power,

the fast ion energy is 600eV.
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Figure 8.20: The fast ion current density profile in the case with residual value of power

200W, the fast ion energy is 600eV.

Within 33% accuracy the integral of these three profiles (Fig.8.18, 8.19 and 8.20) is
conserved (2.94, 3.23 and 2.93 in a.u. correspondingly).

After these two series of discharges, the emitter was depleted. We changed it, leaving all

other parts untouched, nevertheless imperfect positioning of the emitter inside the source

could lead to small changes in angular and energy distribution of the fast ions.
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The new emitter showed higher ion current than the previous two. The ion current on the
external grid of the source was about 16.8puA. To verify the efficiency of the source with the
new emitter we repeated the experiments in a blob region with a fast ion energy of 300eV.
65 discharges were run to this aim. The fast ion current density profile for the case without
plasma is presented in Fig.8.21. Note that the profile is not complete due to a slight

misalignment of the source in the toroidal direction. The maximum of itis at R— R, =11cm

Z =-0.5cm . The radial FWHM is equal to 1.6cm.
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Figure 8.21: The fast ion current density profile in the case without plasma, the fast ion

energy is equal to 300eV.

In the case with the main plasma the fast ion current density profile (Fig.8.22) shifts

downwards by 3.5cm. Thus the maximum is situated at R-R,=115cm, Z=-4cm.

Unfortunately, as the profile is not complete, we cannot calculate the profile width.

In a case with plasma created by residual magnetron power the fast ion current density

profile remains almost unchanged (Fig.8.23).

The integrals of these profiles (Fig.8.21, 8.22 and 8.23) are equal to 13.81, 10.81 and 10.47

in a.u.. The next experiment was conducted in a mode region.
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Figure 8.22: The fast ion current density profile in the case with value of power 400W, the
fast ion energy is equal to 300eV.
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Figure 8.23: The fast ion current density profile in the case with residual value of power

200W, the fast ion energy is equal to 300eV.

The experiments in a blob region show that the fast ion current density profile is elongated
and that the elongation depends on the fast ion energy. The maximum of the profile for the
300eV fast ion energy shifts downward with respect to the case without plasma with the
normal direction of the magnetic field and upward with an inverted field. For the 600eV the
maximum stays in the same poloidal position. The vertical and radial width increase for both

300eV and 600eV with respect to the cases without plasma.
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8.5 Experiments in the mode region

The second interesting region of the plasma poloidal cross-section is the mode region, where
density fluctuations are dominated by coherent oscillations. To compare the fast ion
behavior in this region with the behavior in the blob region we performed experiments with

300eV fast ion energy near R = R,,.

A higher current from the third emitter made it possible for us to conduct these experiments
in the mode region, where the plasma higher temperature and density (Fig.8.2 and 8.3)
increase the noise on the double gridded energy analyzer, which is roughly 5 times higher

than in the blob region.

59 discharges were run to construct the fast ion density profiles. The profile in the case
without plasma (Fig.8.24) has a maximum at R-R,=05cm, Z=0.3cm, and is less
elongated than in the blob region. This observation could be due to the shorter distance
traveled by the fast ions between the source and detector (22.4cm instead of 24.7cm). The
radial FWHM is equal to 1.5cm and the vertical one to 2.0cm. The ratio of vertical FWHM
to the radial one is 1.4, this ratio for the blob region is 1.7. This ratio quantifies the
elongation of the profile. It is equal to 1 for the circular profile. The profile is skewed

vertically upwards (8, = 0.69cm) and has a small radial asymmetry of 6, =—0.26cm .

Fast ion current, a.u.

2 A 0 1 2 3
R-RO, cm

Figure 8.24: The fast ion current density profile for the case without plasma, the fast ion
energy is equal to 300eV.
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The fast ion density profile during the main plasma phase is shown in Fig.8.25. The
maximum of the profile slightly moves vertically, R — R, =0.3cm, Z =0.0cm. The width of
the profile increases significantly: the radial FWHM is equal to 1.8cm and the vertical of
3.2cm. The elongation of the profile is also large: the ratio of vertical to radial FWHM is
equal to 1.7. The vertical asymmetry is large, 0, =1.0cm, and the radial one is negligible,

0, =0.0cm.
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Figure 8.25: The fast ion current density profile for Pec=400W, the fast ion energy is equal
to 300eV.

The fast ion current profile in the presence of residual plasma is shown in Fig.8.26. The
maximum of the profile does not change significantly with respect to the previous cases
(Fig.8.24 and 8.25) R-R,=00cm, Z=03cm. The width of the profile is intermediate
between that of the profiles with main plasma and of those without plasma. The radial
FWHM is equal to 1.7cm and the vertical one is 2.8cm. The asymmetry measures along the

radial and vertical directions are -0.3 and 0.7, respectively.
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Figure 8.26: The fast ion current density profile for Pec=200W, the fast ion energy is equal

to 300eV.

The integral of these profiles is conserved within ~40% accuracy. They are equal to 3.86,
4.22 and 4.22 in a.u. for profiles in Fig.8.24, 8.25 and 8.26, in that order. In general, the
experiments in the mode region show that profiles are less spread and less elongated with

respect to the experiments in the blob region.

8.6 Summary

The FWHM, poloidal position of the maximum (Ry, Zym) and asymmetry measure (Or, 0z)
for profiles measured in the different conditions are summarized in table8.2. In all these
experiments the plasma clearly affects the fast ion current density profile: the vertical and
radial spread of the profiles is larger in the case with plasma than without plasma. The
vertical position of the maximum in the plasma shifts downwards with respect to the case
without plasma when the fast ion beam propagates in the blob region and the fast ion energy
is equal to 300eV. In the other cases the vertical position of the maximum remains
unchanged. The effect of the plasma on the asymmetry measure is not clear, but remains

rather small in most of these experiments.

About 44% of the accelerated ions are trapped by the external grid of the source. The other
particles fly through the plasma and are measured by the double gridded energy analyzer.

80



COMPARISON WITH THE SIMULATIONS

The integrals of the measured profiles should be propotional to the fast ion current on the
external grid of the detector, asuuming no losses (e.g. charge exchange etc.). The measured
dependence of the integrals under the measured profiles upon the ion current on the external
grid is presented in Fig.8.27. For all profiles this dependence is linear except for two
experiments in which the profiles were not completely reconstructed and, as a result, only a

fraction of the fast ions were captured by the detector.
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Figure 8.27: The integrals of the measured current density profiles vs fast ion current on the

external grid of the source.
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Table 8.2

A gl Bl Y| 54|22 |82 5 5 5 5
1 0 300 8.8 0.85 0.98 2.7 2.6 3.0 0.5 0.1 0.0
1 0 300 Br 8.9 0.85 0.93 2.3 2.3 3.0 -1.0 -0.3 -0.4
1 0 300 BrtBy 8.10 0.85 1.04 2.0 33 3.0 -1.0 0.2 -0.8
1 400 300 B1+Bv+Pgc 8.11 0.85 0.88 2.4 2.3 2.5 -0.3 0.0 0.1
1 400 300 B 8.13 3.01 1.56 6.0%* 13.0 -3.5 0*
1 200 300 B 8.14 3.01 1.41 6.9% 13.0 -4.0 0*
1 0 300 B 8.12 3.01 1.75 4.1* 13.0 -4.0 0*
2 400 300 B 8.16 1.9 1.96 3.0 6.0 12.5 3.5 0.3 -0.5
2 200 300 B 8.17 1.9 1.89 2.9 5.7 12.5 35 0.2 -0.6
2 0 300 B 8.15 1.9 2.1 2.7 4.7 12.5 6.0 -0.4 0.4
2 400 600 B 8.19 2.8 3.23 3.1 9.0 13.0 2.0 -0.4 0.5
2 200 600 B 8.20 2.8 2.93 2.6 7.5 13.5 2.5 0.3 0.7
2 0 600 B 8.18 2.8 2.94 2.5 5.3 13.5 2.0 0.5 0.2
3 400 300 B 8.22 16.8 | 10.81 11.5 -4.0
3 200 300 B 8.23 16.8 | 10.47 11.5 -4.0
3 0 300 B 8.21 16.8 | 13.81 1.6* 11.0 -0.5 -0.4%*
3 400 300 M 8.25 4.06 422 1.8 3.1 0.3 0.0 0.0 1.0
3 200 300 M 8.26 4.06 4.22 1.7 2.8 0.0 -0.3 -0.3 0.7
3 0 300 M 8.24 4.06 3.59 1.5 2.0 0.5 0.3 -0.3 0.7

* - the profiles were not complete. Note: Br and By mean the presence of toroidal and vertical field; B and M mean experiment in the blob and

mode region.







Chapter 9

Comparison with the simulations

To understand the fast ion beam behavior in the presence of plasma turbulence we compare
the measured profiles with the simulated ones. Following the experiments, we will start the
simulation in the absence of plasma, then we will simulate profiles in the blob region for fast
ion energies of 300eV and 600eV, and we will finish with the simulation of the fast ion

beam (at 300eV) in the mode region.

9.1 Simulations of the ion beam behavior in the case without plasma

Let us start with the experiment without plasma and without magnetic fields. Here we can
use the Matlab simulation with electric and magnetic fields equal to the 0 and the collisional
term switched off. We assume that the energy spread of the beam is equal to 0. This is a
reasonable assumption, as the spread in energy is defined by 2kT ~0.2eV [73], where k is
the Boltzmann constant and 7 is the temperature of the emitter. First, we choose the angular
spread in the simulation to match the experimental profile presented on Fig.8.7. We obtain a
simulated FWHM of 2.5cm for both directions that is very close to the experimental values,

2.7cm and 2.6¢m for the radial and vertical FWHM, respectively.

The simulated profile of the fast ion current density is shown in Fig.9.1. The position of the
simulated profile centre is shifted outwards by 2.8cm from the initial position in the centre
of the vacuum chamber, due to the fact that the vacuum chamber has a toroidal shape and
the fast ion beam propagates in this case along straight lines. The simulated profile centre at

R-R,=2.8cm, Z=0cm is close to the experimentally determined position at R — R, = 3cm

Z=0.5cm. This small difference could be simply explained by an error in the source
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alignment with the toroidal direction.

Fast ion counts

0.95 1 1.05
R, m

Figure 9.1: The fast ion current profile for the case without magnetic fields and without
plasma for the fast ion energy of 300eV.

As a second step, as it was done in the experiment, we included the toroidal field in the
simulation (Fig.9.2). This shifts the profile centre downward in the direction of the ion
toroidal drift by 1.7cm and inward by 1.5cm, because in this case the ion beam follows the
toroidal direction. In the experiment (Fig.8.9) the radial shift with respect to the case without
magnetic fields was 0.0cm and the vertical shift 1.5cm, similar to the simulation. The

vertical displacement of 1.7cm could be also verified by drift theory:

Z,=—uv, = ﬂ 11)1.20" =1.7cm, where L =22.4cm is the toroidal distance, v, and
v, 2F eBR

won

v, are the ion velocity and the drift velocity, respectively.

In the case with toroidal field, the fast ions that have a finite velocity component
perpendicular to the magnetic field are subject to cyclotron motion. As a result, these ions
deviate less from the centre of the profile and thus the width of the profile should decrease.
In the simulation of this case, both radial and vertical FWHM decrease by 0.7cm. In the
experiment the FWHM decreases by 0.4cm in the radial and by 0.3cm in the vertical

direction.
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Figure 9.2: The fast ion current profile for the case with toroidal magnetic fields and

without plasma.

The next step is to run simulations with toroidal and upward vertical magnetic fields
(Fig.9.3) to simulate the profile presented in Fig.8.10. The addition of the vertical field does
not change the FWHM, which is reasonable because the vertical field is small compared to
the toroidal one, and has only minor effect on the cyclotron motion. On the other hand, the
vertical field is observed in the simulation to shift the beam inward by 0.lcm and the
additional radial velocity to shift the beam upward by 0.3cm. In the experiment, the

maximum of the profile has the same position as in the case without vertical field, but its

140
120

1100

shape becomes elongated in the inward and upward direction.

180

Fast ion counts
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R, m

Figure 9.3: The fast ion profile (with toroidal and vertical magnetic fields, no plasma).
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In the experiment the next step was the addition of plasma created by microwaves. To
simulate the plasma interaction with the fast ion beam, we added in the simulation the
collisions of fast ions with the ions from the background plasma (chapter 8.1). The results of
this simulation are presented in Fig.9.4. The collisions increase the FWHM only by 0.1cm in
both directions. In the experiment, the radial FWHM increases by 0.4cm and the vertical one

decreases by 1.0cm. In addition, the position of the profile maximum moves upward in the

1100

experiment by 0.8cm.
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Figure 9.4: The fast ion current profile for the case with toroidal and vertical magnetic
fields with taking into account collisions between fast ions and ions from the background

plasma.
The addition of a constant radial electric field of 40V/m comparable with the experimentally

measured shifts the profile outward by 0.1cm and downward by 0.1cm but does not change

the width of the profile (Fig.9.5) and cannot explain the experimental profile.
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Figure 9.5: The fast ion current profile for the case with the toroidal and vertical magnetic
fields taking into account collisions between fast ions and ions from the background plasma

and with a constant radial electric field of 40V/m.

Thus this Matlab model can qualitatively explain the behavior of the fast ion beam only in

the absence of plasma, but not in the presence of plasma.

We can put forward a few reasons why the collisions with neutrals cannot explain the
disagreement between the simulation and experiments. First of all, the mean free path for
fast ions in the neutral background gas for the pressure of 2x10 mbar is approximately 1m,
which is much smaller than the distance traveled by the ions. Second, all experiments (with
and without fields) were conducted with background gas, so the spreading from the collision
with neutrals is already taken into account in the simulation when the angular spreading is
chosen to match the experiment. Another effect that is not taken into account in the
simulation is the electrostatic sheath between the external grid of the source and plasma.
However, the effect of the sheath should be negligible because the plasma potential is much
smaller than the fast ion energy and the electric field in the sheath is parallel to the toroidal
magnetic field. Thus there remains no other explanation but turbulent electric fields that can
account for the experimentally observed behavior of the fast ion beam in the presence of

plasma.
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9.2 Simulations of the fast ion beam behavior in the blob region

Contrary to the Matlab model, the C++ simulation takes into account the turbulent electric
field. First of all, for the conditions described at the beginning of this chapter and for the fast
ion source situated at R— R, =10cm, Z =0cm we calculated the radial and vertical FWHM
of the simulated profiles as a function of angular and velocity spread (Fig.9.6 and 9.7). The
radial FWHM remains almost unchanged when the standard deviation of the angular

distribution varies from 0.2rad to 0.8rad, and the standard deviation of the velocity

distribution varies from 0.2v, to 0.8v,, where v, =./— is the fast ion velocity which
m

corresponds to a fast ion energy of E =300eV . The vertical FWHM varies from 2cm to
4cm when the angular and velocity spread varies from 0.2rad to 0.8rad and from 0.2v, to
0.8v,. The vertical FWHM has a maximum for an angular standard deviation equal to
0.2rad and a velocity standard deviation of 0.8v,. These values were used for the simulation

of the experiment as they give FWHM that are the closest to the measured ones (Fig.8.16).

0.8

Radial FWHM, cm

0. " a
%.2 0.3 0.4 0.5 0.6 0.7 0.8
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Figure 9.6: The radial FWHM (in [cm]) as a function of the angular standard deviation and

velocity standard deviation.
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Figure 9.7: The vertical FWHM (in [cm]) as a function of the angular standard deviation

and velocity standard deviation.

Thus, to simulate the fast ion current density profile that is elongated vertically one should
assume a rather large spread in the initial velocity distribution. Theoretically, in ideal
conditions the spread in energy is defined by the two temperatures of the emitter (~0.2eV).
In reality, the energy spread can be modified by the plasma potential and by the fact that the

potential of the emitter is modulated during the discharge.

On Fig.9.8 the modulated potential on the output of the power supply is presented. The
frequency of the modulation is 1kHz. With this high frequency we have 1000 periods during
one discharge, obtaining adequate statistics for the data analysis. The modulation period of
Ims is comparable with the rise time of the modulated high voltage power supply, which is
used in the source electronics. The disadvantage of the fast modulation is that the potential
on the emitter is not perfectly rectangular and as a consequence we have intermediate values
of the potential between 300V and OV. This effect can significantly modify the spread in the

velocity distribution.

The second effect that can modify the velocity distribution is connected with the plasma
potential. The external grid of the source is at ground potential, which is different from the
plasma potential by 4V in the blob region and by 15V in the source region, thus fast ions

decelerate in the region between the external grid and the plasma. The velocity distribution
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then shifts to the left by the plasma potential, changing the relative spread in the velocity
distribution. However, for fast ion energies much higher than the plasma potential, this

effect should be negligible.
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Figure 9.8: The modulated potential on the emitter during the discharge.

The first scenario we considered for the simulation of the experiment is the case without
plasma, in the blob region, and with the fast ion energy equal to 300eV (Fig.8.15). For this
we set the electric field equal to 0. As the standard deviation of the velocity profile is
relatively large, we cannot compare the shape of the simulated particle distribution with the
experimental fast ion current density profile like we did in the previous simulations. In
Fig.9.9 the fast ion current density profile is presented. The radial and vertical FWHM are
equal to 1.2cm and 3.6cm. Thus the simulated profile has smaller widths in both directions
than the experimental profile. The maximum of the profile is situated at R- R, =10cm,
Z =0.3cm. The asymmetry measures in the radial and vertical directions are equal to 0.0cm
and -1.4cm, respectively. In the experiment the asymmetry measure is different: -0.4 for the
radial direction and 0.4 for the vertical one. Thus, in the vertical direction, the asymmetry

measures in the experimental and simulated profiles have opposite signs.
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Figure 9.9: The simulated fast ion current density profile in the blob region for the case
when the electric field is equal to 0 and the fast ion energy of 300eV.

To see the effect of turbulence, we run the simulation with a turbulent electrical field
obtained by the simulation of interchange turbulence based on the Braginskii equations and
developed for the exact same TORPEX scenario [74] (Fig.9.10). The maximum of the
profile shifts upwards, in the direction of the E x B drift, by 0.5cm. In the experiment
(Fig.8.16) the maximum shifts downwards by 2.5cm. One of the possibilities to explain this
disagreement is the fact that the simulation is not self-consistent, thus the effect of the fast
ions on the plasma is not taken into consideration. The radial FWHM increases by 0.9cm
and the vertical FWHM remains almost unchanged (3.9cm). In [66], it was concluded that
the radial spread is the key element in the study of the effect of the turbulence on the
distribution of the fast ions. In the experiments both the radial and vertical FWHM increase
by 0.3cm and by 1.3cm, respectively, with respect to the profile without plasma. One of the
possible explanations of the vertical FWHM increase in the experiment is a modification of
the fast ion velocity distribution function by the plasma. The asymmetry measures in the
radial direction in the experiment and the simulation are small: 0.3cm and -0.2cm. In the

vertical direction they are similar: -0.6cm in the simulation and -0.5cm in the experiment.
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Figure 9.10: The simulated fast ion current density profile in the blob region for the case
with the turbulent electric field and the fast ion energy of 300eV.

Simulations with double fast ion energy were run for the two experimental cases with and
without plasma presented in Fig.8.18 and 8.19. First of all, let us consider the case when the
electric field in the simulation is set to 0 (Fig.9.11). The profile is much more elongated
compared with the 300eV case: the radial FWHM increases slightly by 0.2cm and the
vertical FWHM increases by more than a factor of two, to 9.1cm. In the experiment, the
same qualitative behavior of the vertical FWHM is observed. The simulated profile has a
strong vertical asymmetry of 6, =-3.2cm, but it is symmetric radially. In the experiment

the profile is vertically symmetric and has radial asymmetry.

The simulation with turbulent electric field (Fig.9.12) shows the same qualitative behavior
as in the simulation with 300eV fast ion energy. Compared with the simulation with the
electric field equal to 0, the maximum is displaced upward by 0.5cm, and the radial FWHM
is increased by 0.9cm. In the experiment, with respect to the situation without plasma, the
maximum remains in the same poloidal position, and both the radial and vertical FWHM
increase. As in the case of 300eV fast ion energy, the experimental and simulated
asymmetry measures are not in agreement. In the simulation, the profiles with and without
electric field are radially symmetric and have negative vertical asymmetry measure. In the
experiment, the profile in the case without plasma is vertically symmetric and has positive

radial asymmetry measure, while in the case with plasma the profile has negative radial and
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positive vertical asymmetry measures.
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Figure 9.11: The simulated fast ion current density profile in the blob region for the case
when the electric field is equal to 0 and a fast ion energy of 600eV.
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Figure 9.12: The simulated fast ion current density profile in the blob region for the case
with the turbulent electric field and a fast ion energy of 600eV.

9.3 Simulations of the ion beam behavior in the mode region

The next simulations were run in the mode region with the fast ion energy of 300eV. The
source position in this simulation coincides with the centre of the vacuum chamber. The
traveled toroidal distance is shorter by 2.2cm. Although this difference is small compared

with the traveled distance of 22.4cm, taking into account the bellows shape of the fast ion
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beam due to the cyclotron motion (Fig.7.4), it can significantly change the poloidal profile.
The simulation with 0 electric field is presented in Fig.9.13. As in the experiment (Fig.8.24),
the profile is less elongated compared to the blob region: the radial and vertical FWHM are

equal to 1.5cm and 3.5cm.
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Figure 9.13: The simulated fast ion current density profile in the mode region for the case

when the electric field is equal to 0 and the fast ion energy of 300eV.

In the simulation with the turbulent electric field in the mode region (Fig.9.14) the
maximum of the profile shifts upward by 0.5cm and outward by 0.5cm, compared to the
zero electric field simulation, while the vertical FWHM remains the same and the radial one
increases by lcm. In the experiment with plasma (Fig.8.25) the maximum does not shift
significantly and both vertical and radial FWHM increase by 0.3cm and 1.2cm compared to

the experiment without plasma.
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Figure 9.14 The simulated fast ion current density profile in the mode region for the case

with the turbulent electric field and the fast ion energy of 300eV.

A summary of the simulation results is presented in Table9.1, which has the same notation

as in Table8.2.
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Table 9.1.

S ) = =S

g| & EEe| EE| % & 8 &

e = Z &3 e W 2 W ~ S 5 =)
0 300 9.1 2.5 2.5 2.8 0 0 0
0 300 Br 9.2 1.8 1.8 1.3 -1.7 0 0
0 300 Br+Bv 9.3 1.8 1.8 1.2 -14 0 0
0 300 Br+By+C 9.4 1.9 1.8 1.2 -1.4 0 0
Constant 300 Br+By+C 9.5 1.8 1.8 1.3 -1.5 0 0
Turbulent 300 B 9.9 2.1 3.9 10 1.8 -0.2 -0.6
0 300 B 9.10 1.2 3.6 10 0.3 0.0 -14
Turbulent 600 B 9.11 23 8.8 10.3 2.8 0.1 -2.1
0 600 B 9.12 1.4 9.1 10.3 1.3 0.2 -3.2
Turbulent 300 M 9.13 2.5 3.3 0.5 1.8 0.3 -0.1
0 300 M 9.14 1.5 3.5 0 0.3 -0.1 -1.0

Note: Br and By mean the presence of toroidal and vertical field; B and M mean experiment in the blob and mode region and C means that the

collisions with background plasma ions are taken into account.
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Discussion of the experimental results

The propagation of the fast ion beam in the vacuum is well characterized by a Matlab based
simulation that solves the single particle equation of motion, including an ion-ion collision
term, but does not account for plasma collective effects. The simulation qualitatively
explains the position of the profile maximum in the case with and without toroidal and
vertical magnetic fields. Thus the single particle equation of motion that takes into account

only magnetic fields can explain the behavior of the fast ion beam in vacuum.

In the presence of plasma, this simulation cannot explain the experimental profile even
when a static electric field and collisions with the background plasma ions are included.
Over a toroidal distance of 25cm the collisions of the fast ions with the ions from the
background plasma have a minor influence on the fast ion beam. The collisions only
increase the FWHM in both directions by 0.lcm. The addition of a constant in time,
homogeneous electric field changes only the position of the profile maximum but does not
change the profile width. The collisions with neutral gas cannot explain the experimentally
observed increase in the beam width in the case with the plasma compared to the case
without plasma, because the gas pressure was the same in the experiments with and without
plasma. Thus the only factor that can explain the spreading of fast ion beam as it propagates

in the plasma is a turbulent electric field.

The C++ simulation, which takes into account a realistic structure and intensity of the
turbulent electric field, is used to describe the fast ion beam behavior in the presence of
plasma. The simulations show that vertically elongated profiles, which are observed in the

experiments in the blob region for a fast ion energy of 300eV and 600eV, and in the mode



CHAPTER 10

region for 300eV, can be explained by a spread in the fast ion velocity distribution. A simple

interpretation can be provided: the drift velocity depends on the toroidal ion velocity,
v, = ﬁvf. The spread in the fast ion velocity distribution can be due to the modulation of
e

the source, which in these experiments was not perfectly rectangular (Fig.9.8). This implies
that during the modulation the emitter potential takes intermediate values between 0 and the
maximum. We should also mention that data presented in Fig.9.8 was taken near the output
of the electronics so, due to the resistance of the cable between the electronics and the
source and due to the electrical capacity of the cable and the source itself, the modulation
potential on the emitter is even less rectangular. Another fact, which supports this
explanation of the velocity spread, is the comparison of the experimental profiles obtained
with 125Hz modulation frequency (the four first profiles obtained without plasma) and the
profiles obtained using 1kHz modulation (the rest of the profiles with and without plasma in
blob and mode region). With lower modulation frequency and the same rise time of the high
voltage power supply, most of the ions will have the same velocity and the velocity
distribution will be narrower. As a consequence, in the experiment, the less elongated

profiles are observed with lower frequency modulation.

With the fixed relative velocity spread, the C++ simulation qualitatively explains the shape
of the fast ion current density profiles. With the 600eV energy in the blob region the
experimental profile has a vertical FWHM a factor of 1.3 higher than in the 300eV case. In
the simulation this factor is equal to 2.2. The quantitative disagreement could be explained
by the fact that in the simulation the velocity distribution has a Gaussian shape. In the
experiment, as discussed above, the velocity distribution has a complicated shape. In the
mode region both in the experiment and in the simulation the profile has a more circular

shape compared to the blob region.

The C++ simulation qualitatively explains the increase in radial FWHM detected in the
experiment with plasma compared to the experiments without plasma. According to [66],
such an increase in the radial width of the profile is the key element in the study of the effect
of turbulence on the distribution of fast ions. In the experiment, for the cases of 300eV and

600eV fast ion energies in the blob region and 300eV fast ion energy in the mode region, the
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increase in the radial FWHM is equal to 0.3cm, 0.6cm and 0.3cm, respectively. In the
simulations, for these three cases the increase in the radial FWHM is equal to 0.9cm, 0.9cm
and 1.0cm. In [74] it is shown that, the turbulent electric field results in a self-consistent
simulation approximately a factor of two higher than the experimental value. Using a more
realistic turbulent electric field value one can hope to obtain quantitative agreement with

experiments in the increase of the radial FWHM.

The vertical simulated FWHM remains unchanged if we compare the profiles with and
without a turbulent electric field. In the experiment, the vertical FWHM increases by 1.3cm,
3.7cm and 1.2cm for the cases: 300eV and 600eV fast ion energies in the blob region and
300eV fast ion energy in the mode region. The most probable explanation is that the plasma
modifies the fast ion velocity distribution. In principle the plasma can modify the fast ion
velocity distribution by decelerating the fast ions in the sheath between the plasma and the
external grid of the source. However, this modification should be negligible because the fast
ion energy of 300eV is much higher than the plasma potential (4V in the blob region and
15V in the mode region). An indirect proof for this comes from the observation that the

integral of the profiles with and without plasma is approximately conserved (Fig.8.27).

In the experiments, in the case with plasma and 300eV fast ion energy in the blob region, the
profile maximum shifts downwards by 2.5cm compared to the case without plasma. In the
cases with 600eV in the blob region and 300eV in the mode region, the positions of the
profile maximum remain unchanged. In the simulation in these three cases the position of
the profile maximum shifts upwards by 0.5cm for all cases compared to the simulation

without a turbulent electric field. We have no explanation this disagreement.

The disagreement in the asymmetry measure could be explained by the fact that in the

experiment the fast ion velocity distribution has a non-Gaussian shape.

To improve the understanding of the experiment we should use a more realistic electric field
in the simulation. A fast ion velocity distribution close to the experimental one should be
used. To do this we can measure the velocity distribution experimentally with the double

gridded energy analyzer. The effect of all collisions also should be taken into account.
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Conclusions and outlook

This Thesis work addressed the basic question of how a fast (supra-thermal) ion beam
interacts with turbulence in a simple magnetized toroidal plasma. The investigation was
conducted experimentally using a specially developed miniaturized fast ion source and

detector.

As part of this work, possible variations of the plasma and magnetic field topologies were
investigated. The first part of the Thesis dealt with the development of ohmic assisted
discharges on the TORPEX device. Internal and external rogowskii coils for measuring the
total plasma current were developed, calibrated and installed on TORPEX. To measure the
plasma current density distribution two small mobile rogowskii coils were constructed. Up
to 1kA of plasma current was obtained, although in conditions in which the current channel
is unstable. It was shown that the simplest configuration of poloidal coils does not satisfy
the equilibrium conditions for the vacuum poloidal magnetic field. Using additional vertical
magnetic field coils, discharges with longer plasma current phases were obtained,
corresponding to a better match of equilibrium conditions. Future work with ohmic assisted
discharges should include the development of an active feedback system, which will control
the current in poloidal coils based on measurements of the total plasma current, and

experiments with the recently installed more powerful magnetic coil power supply.

The fast ion source was developed using the scheme with accelerating and screen grids. The
ions are produced by a source including an aluminosilicate lithium-6 ion emitter having a
diameter of 0.6cm. To minimize the divergence of the fast ion beam an optimization of the

electric field inside the source was conducted. A simulation of the fast ion motion inside the
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source was performed in order to calculate the overall transparency. A second fast ion
source, based on the same concept but having a 1.5cm diameter emitter was developed. The
larger physical dimensions allow us to obtain a higher fast ion current. The current and life
time limitations of the sources are imposed by the emitter. On a dedicated test bench the
emitters were characterized and optimized. It was shown that using the Schottky effect the
ion current from the emitter can be increased by 2 to 3 times, depending on the extraction

electric field.

To detect the fast ion beam we chose to use a detector based on the gridded energy analyzer
concept. A scheme with two identical gridded energy alalyzers to better discriminate the
signal from background noise extraction was used. The detector allows measurements of the
fast ion current density profile and the energy distribution function. A special 2D probe
system was developed for the fast ion source and detector to reach practically an entire

coverage of the plasma poloidal cross section.

First experiments were conducted without plasma but with different configurations of
magnetic fields. Next, the measurements of the fast ion current density profiles were
performed in the presence of plasma, in two main poloidal regions: in a blob region, which
is caracterized by the propagation of nonlinear structures of higher pressure than the local
background plasma, with 300eV and 600eV of fast ion energy, and in a mode region, where
the fluctuation spectra are dominated by coherent oscillations, using the 300eV fast ions. In
all these experiments the integral of the measured fast ion density current profiles is
conserved. Thus on this toroidal path of 25c¢m the fast ion velocity remains essentially

unchanged and no significant particle losses occur.

Using the single particle equation of motion a Matlab based numerical model was developed
to help understand the experimental data. This model accounts for the realistic magnetic
field and for fast ion collisions with background plasma ions. A homogeneous constant in
time electric field can also be introduced. A second model, developed on a C++ platform,
incorparates the effects of a turbulent electric field, calculated using a two-fluid code based
on the Braginskii equations. This electric field has a realistic structure, but, its fluctuation

levels are approximately two times higher than measured.
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These models were used to interpret the experimental data. The Matlab based simulation
qualitatively describes the fast ion beam behavior with different magnetic configurations in
the absence of plasma. The experiments without any magnetic field and without plasma
were used to calibrate the model, in particular to find a good estimate of the angular
distribution. Under the influence of the toroidal magnetic field the fast ion beam deviates in
the direction of the ion toroidal drift and shrinks because of gyromotion. The addition of a
weak vertical magnetic field component has negligible effect on the width of the profile and

only slightly changes the poloidal position of the profile maximum.

This simple single-particle Matlab model without turbulent fields cannot explain the fast ion
current density profiles in the presence of plasma: the collisions with background plasma
ions have a negligible effect on the profiles and a static homogeneous electric field can only
change the profile maximum position, but does not affect the profile width. The collision
with neutrals cannot explain the experimental profiles in the presence of plasma because the
neutral pressure remains practically the same in the cases with and without plasma and
because the fast ion mean free path for this pressure is around Im, which is much longer
than the toroidal path of the fast ions. The only remaining factor that can affect the profiles

in the presence of plasma is a turbulent electric field.

The C++ based simulation, which includes the turbulent electric field, was used to describe
the experimental profiles in the presence of plasma. First, it was shown that the elongated
fast ion current density profiles can be explained by the spread in the fast ion velocity
distribution function. The shapes of the experimental profiles are in qualitative agreement
with the simulations. The increase in radial FWHM with respect to the case without plasma

predicted by the simulation was experimentally observed.

The vertical FWHM in the simulation remains the same as in the cases without a turbulent
electric field. This is in contrast to the experiment, where the vertical FWHM is larger in the
presence of plasma. A larger spread of the velocity distribution can in principle explain the

increase in vertical FWHM, but we do not have other supporting evidence for such larger
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spread. In fact, the conservation of the integral of the measured profile suggests that there

are no significant changes in the fast ion energy or velocity distribution.

In the simulation, the position of the profile maximum shifts upwards in the cases with a
turbulent electric field with respect to the zero electric field cases. In the experiments, a
significant downward shift of the profile maximum is present in the case of the 300eV fast
ion beam and in the blob region. The discrepancy in the asymmetry of the simulated and
measured profiles can in principle be due to the non-Gaussian shape of the fast ion velocity

distribution in the experiments .

A full system for experiments on the interaction between fast ions and the turbulence
including the source and detector was built and was successfully tested. Clear effects of the
interchange turbulence on the fast ion beam dynamics were observed. These effects
understood with the help of the dedicated numerical simulations that use a turbulent electric
field from a two fluid simulation of TORPEX plasmas, even though there are aspects that

require a better modeling and further experiments.

Simulations with more realistic electric field intensities and fast ion velocity distribution
functions could result in a more realistic description of the fast ion behavior, and in
particular, could account for the observed profile asymmetry and the measured radial

FWHM.

The double gridded energy analyzer allows a reconstruction of the energy distribution
function. Further measurements using this system can clarify the question of the vertical
profile width increase with plasma. Experiments with different fast ion energies will help
establish the energy dependence of the fast ion transport. For the investigation of the fast ion
transport the measurements of the fast ion profile spread, o, at different toroidal postions,

i.e. after different times of flight, 7, would also be important. One would then be able to

verify which mechanism is at play: for the usual diffusion O > ot , while O >t if y<l1

the transport is sub-diffusive, and if y > 1 it is super-diffusive.
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Experiments with a more powerful fast ion source could show how the turbulence can be
modified by fast ions. For this, two different experimental scenarios can be investigated.
First, the fast ion source can be installed into a material limiter to minimize the plasma
perturbation due to the relatively large physical dimensions of the source. Alternatively, we
can place the fast ion source in the poloidal region where the plasma perturbation due to the
source dimensions has a negligible effect on the turbulence, and launch the fast ion beam in

the region with unperturbed turbulent plasma.
Finally, in tokamaks, the alpha particles are born isotropically. To improve our

understanding of the interaction of the alpha particles with turbulence, experiments with

different source pitch angles should be conducted.
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