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Abstract

This Master’s thesis focuses on diagnostic measurements using Langmuir probes which are
electrodes inserted into the plasma for measurements of the plasma’s stability, temperature,
density and space potential. Cylindrical Langmuir probes were used with the purpose to lay the
foundation and provide a methodology for later operations of triple probes in the company
Novatron Fusion Group. This company develops Novatron devices, which are based on a novel
fusion concept (a type of mirror machine). This thesis was divided into two separate, but related
parts: electrical characterization done with a LCR Meter to understand the electrical circuit of
the Langmuir probe system, and this thesis’ main focus of doing measurements of the plasma in
X0 which is a testbed for development of diagnostics.

The measurements of the plasma required tuning of it to acquire analyzable results. The
Langmuir probes collect charges in the plasma as a response to the applied voltage bias,
making it possible to produce Current-Voltage (I-V) curves. The local Langmuir probe
measurements made it possible to produce such curves at designated radial positions in the
vessel. Data analysis was conducted to find the plasma parameters at each radial position,
where the analysis both took the effects of magnetization and displacement current into
consideration. The temperature and space potential shows an increased uncertainty when the
Langmuir probe is retracted out of the active confinement volume, indicating the start of the
analysis' break-down. The density profile agrees well with the expectations, since it decreases
further out of the confinement volume. This indicates that the Langmuir probe is sensitive to
density changes and measure the plasma behavior. Some discrepancy could be observed
depending on whether the bias was decreased or increased.

In conclusion, the resulting radial profiles agree well with the expected nominal parameters
provided for X0 operations. The density profiles show the expected behavior, thus creating a
foundation in both methodology and operations for the triple Langmuir probes.
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Abstract

This Master’s thesis focuses on diagnostic measurements using Langmuir probes which
are electrodes inserted into the plasma for measurements of the plasma’s stability, tem-
perature, density and space potential. Cylindrical Langmuir probes were used with the
purpose to lay the foundation and provide a methodology for later operations of triple
probes in the company Novatron Fusion Group. This company develops Novatron devices,
which are based on a novel fusion concept (a type of mirror machine). This thesis was
divided into two separate, but related parts: electrical characterization done with a LCR
Meter to understand the electrical circuit of the Langmuir probe system, and this thesis’
main focus of doing measurements of the plasma in X0 which is a testbed for development
of diagnostics.

The measurements of the plasma required tuning of it to acquire analyzable results. The
Langmuir probes collect charges in the plasma as a response to the applied voltage bias,
making it possible to produce Current-Voltage (I-V) curves. The local Langmuir probe
measurements made it possible to produce such curves at designated radial positions in the
vessel. Data analysis was conducted to nd the plasma parameters at each radial position,
where the analysis both took the e ects of magnetization and displacement current into
consideration. The temperature and space potential shows an increased uncertainty when
the Langmuir probe is retracted out of the active con nement volume, indicating the start
of the analysis’ break-down. The density pro le agrees well with the expectations, since it
decreases further out of the con nement volume. This indicates that the Langmuir probe
is sensitive to density changes and measure the plasma behavior. Some discrepancy could
be observed depending on whether the bias was decreased or increased.

In conclusion, the resulting radial pro les agree well with the expected nominal parameters
provided for X0 operations. The density pro les show the expected behavior, thus creating
a foundation in both methodology and operations for the triple Langmuir probes.
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Popularvetenskaplig sammanfattning

Den brittiska astrofysikern Arthur Eddington var den forsta att publicera en artikel, 1926,
om att solen producerar energi genom att sla samman atomer. Under 40-talet borjade
iden gro om att har pa jorden efterlikna solen och skapa fusionsenergi.

Denna ide blev alltmer popular och era olika typer av satt testades for att astadkomma
detta. For att skapa fusion behovs plasma, vilket bland annat kan skapas genom att
hetta upp en gas. Vid tillracklig upphettning far atomerna nog med energi att deras
elektroner helt separeras fran sina atomkarnor. Gasen overgar till plasma, det fjarde
aggregationstillstandet och aven det vanligaste aggregationstillstandet i vart universum.
Atomkarnorna i plasmat kan under ratt forhallanden genomga fusionsreaktioner, vilket
innebar att lattare atomkarnor slas samman. Vid dessa reaktioner bildas energi som sedan
kan omvandlas till nyttig energi for oss manniskor.

For att skapa fusionsreaktioner maste plasmat vara atminstone 100 miljoner grader Cel-
sius, medan det halls stabilt i en reaktorinneslutning. Innan 80-talet forskades det pa era
olika typer av sadana inneslutningar, bland annat den sa kallade spegelmaskinen. Den
skulle med hjalp av magnetfalt kunna innesluta partiklar genom att fa dem att re ek-
teras med magnetfaltets hjalp. Daremot upptacktes instabiliteter med denna design och
en annan typ av reaktor, kallad tokamak, blev istallet betydligt mer popular. Det blev
darfor svart att fa nansiering for andra typer av inneslutningar och manga lades ner. Pa
senare ar har spegelmaskiner fatt nagra stora genombrott och har blivit alltmer populara
igen. Det privatagda foretaget Novatron Fusion Group har en ny foreslagen design pa en
sadan inneslutning som ar tankt att motverka de tidigare funna instabiliterna genom att
nyttja en magnetfaltspro | med konkava faltlinjer.

Plasmadiagnostik ar viktigt for att forsta plasmats beteende i inneslutningen. Det nns

era olika sadana instrument, men ett sadant instrument kallas for Langmuirprobe. Den
uppfanns av den amerikanska vetenskapsmannen Irving Langmuir och ar enkelt sam-
manfattat en elektrod som i plasma kan samla in laddade partiklar. Mangden laddade
partiklar som samlas in beror pa den bestamda spanningen som appliceras over instru-
mentet. Utifran detta kan bland annat plasmats temperatur och densitet ges och un-
dersokas. Detta examensarbete forvantas lagga grund och metodologi for anvandning av
mer avancerade Langmuirprober.

Detta examensarbete kan delas upp i tva delar varav en behandlar den elektroniska kretsen
av Langmuirproben eftersom den kommer att begransa de fysiska matningarna. Den
andra delen och aven huvudfokuset av detta arbete ar amnad till att kunna mata de
olika plasmaparametrarna sa som densitet och temperatur pa olika radiella avstand i



X0-maskinen. XO ar en spegelmaskin, dock inte en del av Novatronkonceptet med dess
konkava faltlinjer.

Matningen av plasmat i X0 innefattade delvis justering av plasmat for att gora det matbart
med en Langmuirprobe. Detta visade att maximal magnetfaltstyrka och upphettning av
plasmat var fordelaktigt. Langmuirproben mater stromsignalen, alltsa mangden laddade
partiklar som tra ar elektroden per sekund. Som tidigare namnt beror den uppmatta
signalen av den bestamda spanningen over instrumentet. Fran dessa, kan kurvor skapas
som visar stromsignalen vid olika applicerade spanningar. Det ar utifran dessa strom-
spanningskurvor som dataanalys kan utforas for att extrahera de olika parametrarna
sasom temperatur och densitet. Da Langmuirproben utfor en lokal matning i plasmat
kan aven olika positioner undersokas. Matningar som utfordes utgick fran centrum i X0
for att stega radiellt utat ur karlet. Detta benamns som att gora ett \radiellt" svep for att
ta fram de olika parametrarnas (bland annat temperatur och densitet) radiella pro ler.

Resultatet av matningarna blev att de forvantade strom-spanningskurvorna kunde hittas
i plasmat efter justeringar. Dessutom stamde de olika parametrarnas varden val med
det forvantade resultatet, vilket indikerar lyckade plasmamatningar med proben samt
att en lamplig analys har applicerats. Den radiella pro len av densiteten sjunker som
forvantat nar proben successivt lamnar plasmavolymen i X0. Metodens utforande har
lagt en grund for kommande matningar med Langmuirprober inom foretaget. Detta sker
med en viss beaktning till bland annat de funna temperaturerna som verkar skilja nagot i
varde beroende pa om spanningen successivt okas eller minskas nar den applicerades over
instrumentet.
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Chapter 1
Introduction

Plasma is the most common state of matter in the universe and the basis for thermonuclear

fusion reactions. Plasma is an ionized gas where the ions in the plasma will, under high

enough temperature and pressure, undergo fusion reactions. The aim of harnessing fusion
energy is to make use of the energy released in these reactions. The Earth and all life are
a ected by plasma, seeing as the sun in our solar system is made out of it. The plasma

consists of charged particles that can a ect each other via electromagnetic forces, and thus

share a collective behavior. The idea of converting energy from fusion reactions into heat

and electricity has been around since the 1940s. However, plasma must be controlled and
con ned in order to realize this accomplishment, which has been the basis and challenge

of fusion research ever since. This is no easy feat since the heat in a con nement must
exceed 7 times the temperature of the core of the sun, whilst kept stable [1]!

Several di erent types of con nements have been studied, especially before the 1980s,
like tokamak, mirror, z-pinch, theta-pinch machines and so on [2, 3, 4, 5]. However,
most funding were, after the 1980s, concentrated to tokamaks (torus shaped con nement
using magnetic eld and plasma current) where the progress seemed most promising at
the time. The so called mirror machines, which purely use magnetic elds to re ect and
trap the charged particles, had some challenges at the time. The biggest problem was
interchange instabilities, which caused radial losses with respect to the central axis of the
magnetic eld [6]. Although the research on mirror machines slowed down, there have been
considerable advancements in the eld. Novatron Fusion Group AB is a private company
established in Stockholm, Sweden. The Novatron device [7] is a type of mirror machine
and a novel fusion concept with the aim to stably con ne plasma. The magnetic pro le of
a Novatron device has a higher eld density at the boundaries of the con nement, which
will counteract interchange instability. The aim of the company is to develop economically
viable commercial fusion energy in a nearby future. The Novatron concept will be fully

9



10 CHAPTER 1. INTRODUCTION

realized by creating multiple iterative devices, where the rst device is called Novatron 1
(N1) [8].

Plasma diagnostics refer to di erent instruments used to understand how the plasma be-
haves and the properties it exhibits. The diagnostics can be used to nd plasma parame-
ters such as temperature, density, uctuations in the plasma, and so on. The diagnostics
enable us to understand the plasma within the con nement vessel, including its response
to the applied magnetic elds. The diagnostics can provide insight to whether or not parts

of the con nement system must be adjusted or optimized, such as the magnetic eld con-
guration, plasma-facing materials or heating methods. Examples of common diagnostic
instruments are the interferometers, spectrometers, cameras, and energy analyzers, and
SO on.

One of the most common diagnostic instruments is the Langmuir probe, which is hamed
after its inventor, the American scientist Irving Langmuir, active in the late 1800s and
early 1900s [9]. The Langmuir probe provides us with a powerful instrument that can
investigate plasma instabilities and measure properties like electron temperature, ion den-
sity and space potential [10]. Irving Langmuir, who was a man well-known for his curiosity
and many hobbies, led research in the aftermath of Thomas Edison's discovery of light
bulbs, which led him to the research on vacuum tubes and ionized gas (plasma). In the
year of 1924 he invented the Langmuir probe, which is now an instrument widely used
around the world - where di erent designs allow for more targeted measurements.

Simply put, the Langmuir probe consists of an electrode which, under exposure to plasma,
can collect moving charged particles in the plasma. The amount of charged particles
impinging on the electrode depends on the voltage bias applied to the probe. The di erent
biases a ect the collections of the particles, which is measured as a current. Thus, a
current-voltage bias (I-V) curve of the plasma can be acquired. This curve will help to
nd the electron temperature, the ion density and the space potential in the plasma.

One of the future aims of the Langmuir probes in the Novatron device is to investigate
interchange instability at the edge of the con nement volume. This will be done with

several Langmuir probes in operation, and is important to prove the stability of the

Novatron devices.

This thesis focuses on Langmuir probe characterization and measurements. The rst
steps in Langmuir probe commissioning are to prove that the probes can provide reliable
results and give reasonable plasma parameters. At the time this thesis was completed,
commercial Langmuir probes were being investigated to measure the plasma in the No-
vatron Fusion Group's experiment hall located in Stockholm, Sweden. However, the aim
is to build customizable in-house probes and a future project in the company is to build
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so-called triple probes [11]. This thesis will provide the basis and the methodology for
later operations using the triple probes.

1.1 Objective and Motivation

The overall objective of this thesis is to develop the Langmuir probe system and lay
the basis for its future use in the Novatron devices. This work started by operating the

commercial Langmuir probe in a test device called X0, a classical magnetic mirror device
that serves as the test ground for diagnostics and integration. The main focus of this
thesis will be on plasma measurements, but also to lay a foundation for the electrical
characterization of the Langmuir probe system.

The plasma measurements aims to operate the X0 machine, and collect I-V curves to nd
the plasma parameters (electron temperature, ion density and space potential) in the X0
device. These parameters will be investigated at di erent radial locations in the vessels
to nd the radial proles to help understanding the limits of the single tip Langmuir
probe analysis. The density pro le measurements can lay a basis for later investigations
of interchange instabilities and the temperature measurements are important for plasma
guality assessment.

Furthermore, the basis of the electrical characterization has been done for the Langmuir
probe system, provided in Appendix B. Equivalent circuit models have been developed
which provide the hardwares' inductance, resistance and capacitance. The equivalent
circuits are important, since they will have an impact on the measured data. The idea

is that this can in the future provide a deeper understanding of the collected I-V curves

from the Langmuir probe measurements and with that, a link between the measurements
and the electronics.

1.2 Plasma

Plasma can be described as an ionized \gas" where the protons and electrons are sep-
arated. The de nition of plasma is that it is a quasi-neutral gas (unless perturbed)
consisting of charged and neutral particles. The ionization degree and temperature must
be su ciently high such that the gas demonstrates collective behavior, by interacting with
each other through both magnetic and electric elds, since they are charges in motion.
Plasma can, to some extent, be described as both a hot gas, due to particles in motion,
and in some cases even a liquid. The velocities of the particles are often described by a
Maxwellian distribution, which is a function of the particle mass and temperature. The
ions and electrons can have di erent distributions, for example since the di erence in
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electron and proton mass makes it hard for hot electrons to transfer their momentum to
ions [9].

Magnetic elds can be used to con ne plasma since charged particles are aected by
the Lorentz force which will cause them to gyrate around the magnetic eld lines. The
gyrofrequency! . is de ned as [9]:

jaB
e o (1.2)
whereq is the particle charge B is the magnetic eld magnitude andm the particle mass.
The center point which the particle gyrates around is called the guiding center of the
particle. The radius of the gyration is called the Larmor radiusy, [9]:
mv-
jaB
wherev, is the velocity of the charged particle perpendicular to the magnetic eld lines.
This shows that the ion, with higher mass compared to the electron, will have a larger
Larmor radius for a given velocity [9].

e (1.2)

1.2.1 Electron Cyclotron Resonance Heating

Plasma can be created and heated by using electron cyclotron resonance heating (ECRH)
in a gas or in other words electromagnetic waves in the radio frequency (RF) regime. The
RF is tuned such that it matches that of the gyrofrequency of the electrons, which in turn
depend on the magnitude of the magnetic eld to con ne the plasma. This corresponds
to the electron resonance frequency where the electron will absorb the maximum energy
from the electromagnetic elds. The free energized electrons can further collide with and
ionize neutral atoms, increasing the amount of free electrons and ions. Electrons become
Maxwellian due to collisions, and may also collide with ions, which then gain energy,
although this is a slow process due to the large dierence in electron and ion mass.
Within the vessel, the electromagnetic waves in the RF regime exhibits interference due
to re ections and standing wave formation [12].

1.3 Guiding Center Drifts

There exists several guiding center drifts which a ect the trajectory of charges particles
in a plasma, where three of them are called the \Electric eld drift", \Grad-B drift"
and the \Curvature drift". If an electric eld arises in the plasma, this together with
magnetic eld present for con nement, will cause a guiding center drift of the particles.
The Electric eld drift, vg, is given by [9]:

E B
BZ

Vg = (1.3)
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whereE is the electric eld, B the magnetic eld and B the magnitude of the magnetic
eld. This drift does not depend on the sign of the charge and e ects all particles equally if
they are exposed to the same electric eld and magnetic eld. The guiding center drift will
be perpendicular to both eld lines and arise due to the acceleration and de-acceleration
from the electric eld in its gyration [9].

The second drift called Grad-B drift, v, g, arises from density changes of the magnetic
eld lines. This provides a smaller Larmor radius where the magnetic eld is higher and
a larger radius where it is lower, causing a drift similar to the one above. This drift is
given by [9]:

vig= Lyr BT B

2 B2

wherev, is the velocity of the charged particle perpendicular to the magnetic eld lines
and r. the Larmor radius andr B the gradient of the magnetic eld. The sign depends
on the charge of the particle, meaning that the drift will occur in opposite directions for
di erent charges [9].

(1.4)

The last listed drift here is the Curvature drift, vg which occurs due to the bending of a
magnetic eld line. It is given by [9]:

MViR. B
q RZB?

VR = (1.5)
where v, is the velocity of the particle parallel to the magnetic eld line,q the particle
charge andR . the radius of curvature of the bent magnetic eld. A particle will experience
centripetal force due to the bend if a parallel velocity component exists, which gives rise
to this drift. This drift does, similarly to the Grad-B drift, make a distinction between
the di erent charges [9].

The Grad-B drift and the Curvature drift do not cancel, but rather add to each other [9].

1.4 The Magnetic Mirror Concept

The Novatron concept is partly based on the magnetic mirror concept. The magnetic
mirror is a magnetic eld pro le produced by two coils with the same current direction
and separated by some distance, see Figure 1.1 [9].

The idea and goal of the mirror is for the magnetic eld to be able to trap the charges
as they follow the eld lines due to magnetization and at the coils, re ecting them. As

earlier mentioned in Section 1.2, magnetized charges will gyrate around eld lines due to
the Lorentz force. Another property is that all magnetic elds are divergence-free, which
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Figure 1.1: Magnetic eld lines visualized in blue and the coils marked in black with the
direction of the current indicated. The red line represents the central axis of the magnetic
eld and the z-axis (here horizontal). Inspired by [9].

in cylindrical coordinates can be expressed as [9]:

_l@ 1@ @, _
B = F@I(rBr)'F F@B + @ZBZ =0 (16)

wherer is the radius from the central axis, also the z-axis in Figure 1.1 andthe angle
around this axis. The gradient of the eld (close to the z-axis) is in the z-direction, since
the B-eld density increase closer to the coils, having its maxima at the coils and is
denotedB°®. Close to the z-axis, the B- eld has its minimum in the center, in-between the
coils, which is denotedB. In this con guration no magnetic eld lines are curled around
the z-axis, resulting in the magnetic eld componenB =0 T. Thus, we can rearrange
and integrate both sides of Equation 1.6 over, using thatB =0 T [9]:
Z Z
@rB,) = %Bz r@r, B, = %%Bz

The Lorentz force acting on a charged particle in the magnetic eld will be further ana-
lyzed, before being combined with the expression found in Equation 1.7. The interesting
component of the Lorentz force in this context is the force in the z-direction. This is the
component of the force that can trap the particles through re ection and not allow all of
them to escape through the coils [9].

(1.7)

F=qv B =) F,= qvB; (1.8)

wherev is the velocity component of the charged particle in the-direction. This com-
ponent can also be expressed as the velocity perpendicular to the magnetic eld lines,
Equation 1.7 plugged into Equation 1.8 result in the following expression fét, [9]:

Fz= 0w 5—- (1.9)
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The equations for a charged particle's gyrofrequency and Larmor radius mentioned in
Section 1.2, Equations 1.1 and 1.2, can be used together with Equation 1.9 to yield [9]:

1mvi @B _ imvi @B

‘= 28 @ 2B | @
wherem is the mass of the charged particle. The used here is called the magnetic dipole
moment which can be derived and proven invariant from the general de nition of current
running through a loop [13]:

(1.10)

= Al (1.11)

wherel is the current and A the area of the loop. A gyrating particle can also be seen
as a current loop, where the time of one turn is the gyrofrequency in Equation 1.1 and
the area can be found using the Larmor radius in Equation 1.2. This will prove that

in Equation 1.10 can indeed be derived from Equation 1.11 and is a magnetic dipole
moment. It can also be proven that this quantity is a constant (if the magnetic eld is
nite, and constant or varies on scales that are much larger than the Larmor radius) and
conserved by the energy principle. This can be used to derive the so called loss-cone which
speci es under what conditions a charged patrticle is not trapped by the mirror magnetic
eld [9, 13].

The pitch angle of a particle describes the angle between the momentary velocity vector
and the velocity component parallel to the z-axisyx, where the pitch angle is denoted
as . A con ned particle will have all its velocity perpendicular to the z-axis at the coil,
but no velocity in the parallel direction v, = 0 m/s. This means that the perpendicular
velocity at the coil is equal to the total velocity at the center, in-between the two coils,
VS = v since no energy can be destroyed. It is important to also note that = vsin( ),
wherev is the total velocity of the particle. This together with the conservation of (as
long as it holds) leads to [9]:

Bo V3, _ Vig _ ., Bo_ . >
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Tl () =) gFo=sin®() (1.12)
For to be as small as possible, the coils must produce a higher magnetic eld such that
B°becomes bigger. The maximurB °which can be provided by the coils is denotel ay ,

resulting in the point where the minimum is de ned [9]:

Bo 1

B R. (1.13)
All particles (and those particles only) that have a pitch angle of below i, at the
center where the pitch angle is smallest, will be lost through the coils. This will trace out
a cone with the apex angle » , called the loss cone. Another way to formulate this is
through R, which is called the mirror ratio, meaning that a higher mirror ratio leads to

smaller losses [9].

SIN? ( min) =
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1.5 The Biconic Cusps Concept

The two coils used to realize the magnetic mirror concept (Section 1.4) can also be used
to realize the biconic cusps concept. The di erence between the two lies in the directions
of the currents. In the biconic cusps, the current directions are opposite in the two coils,
whereas in the magnetic mirror there is the same current direction in the coils. Figure 1.2
visualizes the resulting magnetic eld pro le produced by the coils. Note that this set-up
realizes the concave magnetic eld, which modi ed will be used to provide a more stable
way to con ne plasma, see Chapter 2 [9].

Figure 1.2: Magnetic eld lines visualized in blue and the coils marked in black. The
direction of the currents are indicated. The currents are in di erent directions, as opposed
the the magnetic mirror con guration. The red line represents the central axis of the
magnetic eld. Inspired by [9].

However, the biconic cusps concept comes with its own di culties, making it an unsuitable
way to con ne plasma. The eld lines will perfectly cancel at the center, in-between the
coils, because of the opposite current directions, see Figure 1.2. This cancellation will
cause a break-down of the preserved magnetic dipole momentsee Equation 1.10. Thus,
the trapping of the particles are not ensured for those approaching the center, which causes
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the loss cone to be even larger in this con guration compared to the magnetic mirror, see
Section 1.4.

1.6 Cross-Field Di usion

Up until this point, only the charged particles' gyrating motion along the lines have
been discussed. There is a second mechanism of the motion of the particles inside a
magnetic con nement, called cross- eld diusion. This is the motion of the particles
between magnetic eld lines, mainly caused by collisions between the patrticles. It can
also be caused by natural uctuations in the plasma or instabilities such as the interchange
instability mentioned in Section 1.8. From an electrical point of view, there is impedance
experienced by the particles moving cross- eld, since it is favorable for the particles to
move along the eld lines due to the Lorentz force. The impedance depends on the
magnetic eld strength and will therefore a ect the cross- eld di usion [9]. This is an
integrated part of the charge transport and will be present in XO.

1.7 Limiters

Limiters are made out of a heat-resistant material and located on the vessel wall, sym-
metrically around the central axis in the magnetic mirror con guration, see Figure 1.1.
Some eld lines will intercept the surfaces of the limiters and the magnetized particles,
following these eld lines, will be absorbed by them and removed from the plasma. In
other words, only the particles gyrating around eld lines closer to the center, with a
su ciently small gyration radius, can be preserved in the con nement volume. Those too
far out radially will be \scraped o ", that is - absorbed by the limiters. The purpose
is to create a well-de ned con nement volume within the vessel with plasma that is not
in direct contact with the walls at the lateral (as opposed to the longitudinal, along the
z-axis) surface. Without the limiters, plasma could interact with any part of the wall (as
well as ports) which could break loose impurities. The limiters also limit plasma from
aggregating at the outer eld lines, which are more curved, and prone to (interchange)
instabilities [14]. The limiters in the X0 are kept oating from the vessel walls. The
limiters are prepared such that they can be biased, and their I-V curves studied, but that
has not yet been done.

1.8 Interchange Instability

The interchange instability is a plasma instability that arises from the quality of the
curvature in the magnetic eld [15]. Plasma con ned in a magnetic mirror displayed in
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Figure 1.3: Top view of an interchange unstable plasma, showing the propelling of particles
outwards into the vessel wall. Inspired by [16].

Figure 1.1 will su er from interchange instability. The convex eld lines will give rise to
Curvature Drift, but also Grad-B Drift (Section 1.3) since the convex curvature leads to
decreased density of magnetic eld lines further from the central axis. These cause drifts,
which add and do not cancel, of the particles' guiding centers [9].

A perturbation of the plasma (it is after all a turbulent hot ionized gas) can cause a part

of the plasma to be momentarily displaced from its symmetry around the central axis.
This, together with the earlier compensated Grad-B Drift will create a separation between
the electrons and ions. This causes an electric eld to form, which in turn give rise to
Electric eld drift. This drift causes the gyrocenters of charges to move perpendicular to
the electric and magnetic elds, causing the particles to be propelled out of the plasma,
see Figure 1.3. This is called interchange instabilities [15].

This outwards propulsion is only present if the magnetic eld lines are convex close to the
vessel walls, allowing particles to escape. This is not the case if the magnetic eld lines
instead increase close to the walls, in other words if the curvature is concave [15]. The
concave magnetic eld has a radius of curvatureR., directed in the opposite direction to
the convex, causing the Curvature drift to act in the opposite direction, see Equation 1.5.
The gradient of the B- eld will also have the opposite direction in the concave formation,
which causes the Grad-B drift to act in the opposite direction, see Equation 1.4. Thus,
the electric eld will, under perturbation, be oppositely directed, causing the Electric
eld drift to act in favor of con ning the plasma and stabilizing it instead of propelling it
outwards to the vessel wall.



Chapter 2

The Novatron Concept

The di culties with con ning plasma are partly due to di erent instabilities, like the
interchange instability, of which it can su er. Another issue is charged particles losses,
which may occur without instabilities. Examples of such losses are provided in Sec-
tion 1.4 and 1.5, under the mention of the loss cone.

The aim of the Novatron concept is to build a highly symmetric con nement, which pro-
vides a compact and cost-e ective solution. The Novatron is based on the combination
of the magnetic mirror, see Section 1.4, with the biconic cusps, see Section 1.5. The aim
is to use the magnetic mirror to trap the charges by the conservation of the magnetic
moment, but include the favorable curvature of the biconic cusps to counteract the inter-
change instabilities, see Section 1.8. The magnetic eld pro les of these concepts can be
seen in Figure 2.1. Figure 2.2a instead shows four coils where the two inner coils simply
realize the magnetic mirror con guration. The two added outer coils, with the opposite
current direction compared to the inner, creates a favorable concave magnetic eld pro le
for the charges close to the center. However, the magnetic eld will still be convex for the
particles further out, giving rise to interchange instabilities. The Novatron concept adds

a third set of coils to the center plane, which creates a self-stabilizing center cell for the
plasma, see Figure 2.2b [7].

However, the Novatron concept will still lose particles through a loss cone, since it is based
on the magnetic mirror concept. This can be counter-acted by having a high mirror-ratio,
Rm in Equation 1.13 [7].

Another important detail with the Novatron device is that the radius of the con nement
is much larger than the Larmor radii, see Equation 1.2, of the gyrating particles. This
further prevents instabilities from arising at the edge of the limiters [7].
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(a) Magnetic Mirror. (b) Biconic Cusps.

Figure 2.1: The di erent magnetic eld concepts mentioned in Section 1.4 and 1.5. The
gures are from [7] with permission.

(a) Combination of four coils (b) The Novatron concept,
where the close-lying pairs accomplished by adding an-
have di erent current direc- other coil to the center
tions. This provides favor- plane, providing a favorable
able curvature close to the curvature to the whole cen-
center. ter cell.

Figure 2.2: The magnetic eld of the Novatron device. The gures are from [7] with
permission.

The con ned plasma will have pressure described and derived from plasma physics theory.
The magnetic eld used to con ne the plasma is also said to have a magnetic pressure
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and the ratio between them is called [9]:

P
nkT

—BZ=(2 0): (2.1)

Heren is the number density of the particlesk the Boltzmann constant, T the tempera-
ture of the plasma,B the magnitude of the magnetic eld and ( the vacuum permeability.

A high means that less energy is required to achieve the wanted plasma pressure [9]. A
high is expected in the Novatron device because of its magnetic pro le [7].

Plasma diagnostics are needed to be able to understand whether the plasma shows stability
or not. The Langmuir probe, being one of these diagnostic instruments, can be used to
measure these instabilities, as well as temperature and density.
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Chapter 3

Introducing the X0 Magnetic Mirror
Device

The X0 magnetic mirror device is a smaller plasma vessel built on the magnetic mirror
concept, see Section 1.4. This con guration is as mentioned inherently unstable and
not part of the Novatron concept. It is a test device built to provide information on the
construction methodology and critical aspects of the mechanical design. The device is now
under operation for testing and development of diagnostics. Compared to the Novatron 1
(N1), it is a simpler device where the diagnostic tests can be slightly more bold and the
vessel itself is much smaller compared to the Novatron devices.

The X0 device uses ECRH to heat hydrogen gas and create plasma, see Section 1.2.1. The
vessel has an inner radius ®Rinner = 124 mm. It also has limiters installed, supposedly
creating a more de ned con nement volume, see Section 1.7. The limiters in X0 create
an e ective con nement radius of Rty = 57 mm.

The nominal parameters for running X0 is intended somewhere in the regime that is
provided in Table 3.1. The temperature of the electrons in the plasmds, is provided as
well as the ion temperature,T;. Note that the temperature is expected to be lower for the
ions, since they gain energy only from collisions with energetic electrons, see Section 1.2.1.
This implies that the electrons and ions have dierent energy distributions [9]. The
densities of the electronspe, and the ions,n;, are also given. Note that the same target
density for both ions and electrons is expected, since every freed electron leave behind a
proton. However, this neutrality might not be completely true for a plasma in a vessel,
since the wall interaction and other perturbations can and will a ect it, see for example
Section 4.1.

Table 3.1 also lists the magnitude of the magnetic eld, B at the center, in-between

23



24 CHAPTER 3. INTRODUCING THE X0 MAGNETIC MIRROR DEVICE

the two coils. Finally, the magnitude of the magnetic eld at the coils, Rijror , iS also
provided.

Table 3.1:. The nominal operation parameters for XO0.

Te (V) | Ti (€V) [ ne (m 3) | ni (m 3) | B, (T) | Brirror (T)
13 [<1 10 10 1007 |0.59

The magnetic eld produced by the coils in the X0 device will be kept the same throughout
the measurements, at their recommended maximum. Since a larger mirror ratios Rwill
lead to a narrower loss cone as stated in Section 1.4.

An approximation of the Larmor radii for the particles can be done with help of the
nominal parameters in Table 3.1 and Equation 1.2. The Larmor radius is expected to
be much smaller for the electrons, given their much smaller mass compared to the ions.
However, it should be noted in Table 3.1 that the electron temperature is expected to be
higher than the ion temperature, and therefore also the electron's velocity. However, the
higher velocity will not be enough to compensate the mass di erence, thus the electron
Larmor radius is still expected to be smaller. This can be seen in the exempli ed values
of the Larmor raduis at di erent temperatures in Table 3.2. Both the ion and electron
radii are shown at the two given nominal operation parameters of the B- eld, given in
Table 3.1.

Table 3.2: Di erent Larmor radii for the ions and electrons.

Hydrogen ion | Electron
Temperature (eV) | 1 1 30

r. (mm) at B, 2.1 0.048 0.26
r. (mm) at Byiror | 0.24 0.0057 | 0.031




Chapter 4

Langmuir Probe and Operation
Theory

A Langmuir probe (LP) is a diagnostic instrument used to measure the plasma'’s electron
temperature, T, the ion density, nj, and the space potential Vs, which will be explained
more thoroughly in Section 4.1. The LP is, in all its simplicity, an electrode inserted in the
plasma. The electrode can have di erent geometries such as spherical, at and cylindrical.
The focus will be on cylindrical probes, since it is the electrode geometry used for plasma
measurements in this thesis. The cylindrical electrode is often a wire which is shielded,
so as to have a de ned length exposed to the plasma. The exposed part of the wire is
referred to as the probe tip and the shielded part is called the probe stem[10]. The longer
exposed tip, the more current can be collected, which a ects the signal measured. Thus,
the resolution of the measurement is never better than its length, see Figure 4.1.

Figure 4.1: Schematic of a single LP with the di erent parts highlighted.

25



26 CHAPTER 4. LANGMUIR PROBE AND OPERATION THEORY

Plasma is made of heated neutral gas as mentioned in Section 1.2.1, where ECR heating
can be used to separate the electrons and ions. The plasma will therefore consist of
electrons, ions and some neutrals depending on the degree of ionization, which depends
on for example Il pressure and heating power. The LP conducts in-situ, local spatial
measurements of the plasma. The plasma can be analyzed at di erent positions up to a
resolution dependent on its tip length since it is a local measurement. However, the LP
will always to some degree perturb the plasma with its measurements [9, 10].

If a perturbation by chance, form a collection of charges with the same polarity within
the plasma, they will exert an electric eld which will attract charges of the opposite
polarity surrounding the perturbation and forming a sheath. This is referred to as the
Debye sheath and the thickness of the sheath is provided below[9]:

OKTe 1=2
b ne?

where g is the vacuum permittivity, KT . the electron temperaturen the density far away
from the disturbance ande the particle charge. The made assumptions in the derivation
of p are that the ion mass is in nitely larger compared to the electron mass, there is close
to an equal amount of electrons and protons faraway from the perturbation, the electrons
are Maxwellian distributed and the perturbation’s electric potential is much lower than
the electron temperature in the plasma. Equation 4.1 shows that the thickness of the
sheath will vary with the plasma density and electron temperature in the plasma [9]. In
similarity, the probe tip will have a sheath surrounding it which depends on the applied
voltage bias, which will be discussed in details below. The sheath provides a measure of
the distance in which the plasma has been perturbed [10].

(4.1)

The LP will be connected in such way that the probe tip can be biased. The voltage bias
on the probe tip is relative to the return path, i.e. vessel wall in this thesis which ideally
would be grounded. Figure 4.1 shows the applied voltage bias, where there is electrical
contact with the vessel wall via the LP's ange. If a positive bias is applied to the tip, the
electric eld will start to attract negative charges, speci cally electrons. The opposite will
occur for a negative bias and the stronger bias the stronger attraction/repulsion of the
charged particles. Thus, the sheath polarity and the electric eld strength will depend
on the voltage bias. Also, the thickness of the sheath will depend on the voltage bias
and cannot simply be explained by the thickness provided in Equation 4.1 above. There
is partly the sheath expansion e ect for large amplitude of the biases, also mentioned in
Section 4.1 and 4.3[17]. For negative biases there is in addition to the Debye sheath, a so
called pre-sheath and a Child-Langmuir (CL) sheath, see Section 4.3[10].

The probe tip, which is made out of conducting material, can collect charges - either pos-
itive (ions) or negative (electrons) in the plasma. The sheath will cause a change of the
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electric potential close to the probe, giving rise to impedance. The charged particles pass-
ing through the sheath will be a ected by this impedance, giving rise to the characteristic
I-V curve, see Figure 4.2. The |-V curve can be collected by applying di erent biases to
the probe tip and recording the current response. The I-V curve can be divided into three
di erent regions, the electron saturation region, the transition region and the ion satura-
tion region, see Section 4.1, 4.2 and 4.3 respectively. The I-V curve contains information
about the plasma parametersle, n;j and V5[17]. The following Sections 4.1, 4.2 and 4.3
will discuss each region more thoroughly, including the key points marked in Figure 4.2.

Figure 4.2: The I-V curve showing the collected current against the voltage bias applied
to the probe tip in reference to the vessel wall. The three regions are marked together
with a selection of key points. Inspired by [17].

4.1 Electron Saturation Region

The yellow shaded region to the far right in Figure 4.2, shows the electron saturation
region. It can be seen that the electron current is, by convention, de ned as positive.
The positive bias on the probe (with reference to the vessel) attracts electrons, or more
precisely as the name implies - all locally available electrons, forming a sheath around
it [10]. The sheath will never be able to precisely cancel the electric eld produced by the
probe, since the thermal agitation of the electrons hinders this from happening. Perfect
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shielding can only occur at exactly OK [9]. Thus, some electrons will be attracted to enter
the sheath and accelerated towards the probe tip, whilst ions will be repelled [17].

It can be observed in Figure 4.2 that the current slightly increases in the electron satura-
tion region. The increase of the electron current will be due to sheath expansion e ects
which occurs at higher positive biases [17]. For higher biases the electric eld can at-
tract electrons from further into the bulk, such that the sheath expands. This allows for
more electrons to enter the sheath and be accelerated towards the probe tip. It should
be observed that this is an e ect seen in cylindrical probes and is not true for all probe
geometries. [10].

The electron saturation region starts after the so-called \knee". In a non-magnetized
plasma the knee often coincides with the space potentidV;. The knee is, in a non-
magnetized plasma, a more distinct indication of where the transition region ends and the
electron saturation region starts [10]. The measurements in this thesis are of a magnetized
and ECR heated plasma. The exact e ects on the I-V curve will be discussed in more
detail in Section 4.6.

The space potential,Vs, refers to the potential which the plasma maintains when unper-
turbed in a vessel. Plasmas created and con ned in a vessel with grounded walls have more
electrons leaking out through them because of the high mobility of electrons [9]. The ions
have a much heavier mass, giving the electrons a much higher mobility and consequently
higher mean velocity [10]. Though, this would not be true if the ions would have much
higher temperature than the electrons. Sometimes the ions do have a temperature which
far exceeds that of the electrons [18]. However, in X0 the electron temperature exceeds
the ion temperature, see Table 3.1, thus the electrons will surely have higher mobility.
This creates an excess of ions in the bulk plasma leading to a positive potential, which
is referred to as the space potential in the plasma. A potential drop appears close to the
vessel wall since the wall is assumed to be grounded. This potential drop generates a
negative electric eld relative to the direction of the unit vectorxX*which is directed away
from the wall, as illustrated in Figure 4.3. The force on a charged particle is equal to
its charge multiplied by the electric eld, which for an electron, results in the force being
directed in the given unit direction. Physically, the potential drop is due to an ion sheath
formed at the wall which accelerates more ions to leave and re ects back electrons with a
su ciently low energy. The formed potential creates an equality of protons and electrons

in the bulk plasma in the vessel [9].

The electron saturation region, with positive biasing above the space potential, is the
region that provides the highest magnitude of current passing through the probe. The
high electron current is due to the high electron mobility as mentioned above. The large
magnitude in current could potentially cause the probe to heat and thus start to emit
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Figure 4.3: lllustration of the principle of the space potential, where the vessel wall is
assumed to be 0 V. Thex4direction is pointing inwards to the center of the vessel. Inspired

by [9].

charged particles from its tip [17]. This is an unwanted e ect for the LP used in this
thesis, but is used in some probe designs [19]. The heat could also cause erosion to the
probe tip which would change its properties. Another, more positive side e ect is that
the heat produced by the high positive bias can be used to clean the probe tip from
contaminations such as those caused by sputtering, see Section 4.4 [17].

4.2 Transition Region

All biases below the space potential will be interpreted as "negative' as seen from the
perspective of the plasma. The transition region is a region where only a partial sheath
can be formed since there will be a collection of both ions and electrons. The current
collected in this region will grow exponentially as a function of voltage, as illustrated
in Figure 4.2, only if the electrons, whose behavior dominates due to the high mobility,
follow a Maxwellian (Section 1.2) electron energy distribution (EEDF) [10]. The EEDF
contains an exponential term, which gives rise to the exponential behavior observed in
the transition region. The collected current depends on the density of electrons that can
overcome the repelling probe bias in this region, which can be obtained by integrating the
EEDF over the corresponding energy range. The EEDF is assumed to be the case, but
due to leakage through the loss cone, the sheath and other e ects, the EEDF might be
distorted and non-Maxwellian. The distortion of the I-V curve will be discussed in more
details in Section 4.6 [17].
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The modeled electron current|, in the transition region can be described by the following
Equation 4.2. This equation assumes Maxwellian energy distribution of the electrons [10].

KT. 2 \VARRY/
° exp VW)

le = enA
€ T 2m. KT

(4.2)

wheree is the elementary chargen, the electron or equally the ion density (due to quasi-
neutrality), A the probe area exposed to the plasmd& the Boltzmann's constant, T,
the electron temperature,m, the electron massy; the space potential and nally V the
variable probe bias. The electron temperaturd, can be found from the slope of, by
applying the natural logarithm of the electron current in the transition region. This can
be proven by derivation from Equation 4.2[10].
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Note that the only variable dependence lies iv and the rest are constant parameters.
Hence, the rst term will be denoted C[10].
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The last term only contains constants. ThusC together with this term can be combined
to: C [10].

e
Vv 4.5
KTe (4.5)

This implies that the slope of the natural logarithm of the electron current, Inkg), versus
the bias, V, in the transition region will correspond toﬁee or % in other words the
inverted electron temperature with units of electronvolts. However, if this linear behavior,
described in Equation 4.5, can not be found in the experimental data, this would indicate
either that the electrons are not Maxwellian, or that the |-V curve has been distorted as
explained in Section 4.6 [10].

In(le) = C+

The electron current collected close to the oating potentialV;, marked in Figure 4.2,
comes from electrons with energies at the high-end of the Maxwellian distribution [17].
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The oating potential, V;, is the bias where the ion current equals that of the electron
current. This occurs at a su ciently low bias of which the electrons are repelled to that
extent that their higher mobility is counteracted by the repulsion [10].

4.3 lon Saturation Region

The ion saturation region occurs for slightly lower biases thawk , where ions are collected
and electrons are repelled. The smaller current is, as mentioned, due to the less mobile
ions, see Figure 4.2. The ion current, which by convention is negative, will decrease as
the bias decreases. This is due to the sheath expansion e ects mentioned in Section 4.1.
In this region the sheath can be divided into three di erent regions: the pre-sheath, the
Debye sheath, and the Child-Langmuir (C-L) sheath. The pre-sheath is closest to the bulk
plasma and is where the electric eld from the probe itself (due to imperfect shielding
of the sheath) is rst felt by the ions. The plasma in this sheath is still assumed to be
quasi-neutral, but the ions are attracted to enter the Debye sheath, see Section 4. The
density of existing electrons exponentially decreases in the Debye sheath and eventually
becomes negligible in the C-L sheath, closest to the probe. Along with that, the electric
potential continuously drops from beingvs in the bulk of the plasma to reaching the lower
bias applied to the probe at the end of the C-L sheath, see Figure 4.4 [10].

Figure 4.4: lllustration of the di erent sheaths shown in the ion saturation region where
the potential drop to the probe can be seen. The electric potential is visualized from
the bulk of the plasma where the space potential i¥s, to the LP found to the right.
Reproduced from [10].

The ion current is expected to have a 10-20 times larger electron current compared to
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the ion current in their respective saturation regions. It should in theory be an even
larger di erence, however due to limiting factor such as magnetization and ECRH (see
Section 4.6) of the plasma it will usually be limited to this [10].

The exact sheath dynamics are dicult to model and therefore several, various com-
plex, models of the ion current exist for cylindrical probes, where the plasma parameters
are a ected by the choice of the model. One theory used in this thesis is presented in
Section 4.3.1 [17].

4.3.1 Orbital Motion Limited Theory

The orbital motion limited (OML) theory [10] is a theory that models the ion current in
the ion saturation region. This is the simplest of the existent models used to describe the
ion collection and will be used in this thesis. The OML theory for cylindrical probes will
be presented in this section.

The theory is based on several assumptions that will only hold in certain instances (see
below). The derived ion current in the OML theory can be seen in Equation 4.6 and is
derived from the conservation laws [10].

s _
nA 283V V)
m;

(4.6)

wheren; is the ion density or equally the electron densityA the probe area exposed to
the plasma,e the elementary chargeyVs the space potential,m; the ion mass and nally
V the probe bias [10].

Equation 4.6 is only valid for plasmas where the plasma density is low since this increases
the sheath thickness around the probe which is vital in the simpli cations done to use the
equation [10]. The radius of the sheath must in fact appear in nitely large compared to
that of the probe tip itself. In general, one can decide on the validity of the equation by
taking the ratio of the probe radius to the Debye thickness,'—;, of which the OML theory
should hold if the expression yields a result that is less than 3 [17].

The Debye thickness in Equation 4.1 is used together with the nominal parameters in X0
found in Table 3.1 and the probe radius given in Section 3.1. The resulting value is:

T 025 4.7)
D

where 0.25 indeed is lower than 3, and as such the OML theory should be valid in XO.

Other assumptions made to acquire Equation 4.6 is that the charged particles have
Maxwellian energy distribution. The OML theory also assumes that ions are only perma-
nently absorbed when intercepting the probe surface, and that there is no distinct radial
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point outside of the probe where ions are inevitably drawn to the probe and collected.
However, in many high-density plasmas, the electric eld around the probe can be strong
enough that such point exists. In other words, if the ions pass this point, the ions will be
collected. Since the condition in Equation 4.7 is met, the density will be considered low
enough in X0 to satisfy that there will be no such point. Thus, the ion current given in
Equation 4.6 will be used in this thesis.

4.4 Sputtering

A material can be prone to a phenomenon called sputtering, which is when highly energetic
particles impinge on the material's surface, leading to removal of atoms in the surface layer.
Thus, materials erode when exposed to plasma, and the removed atoms add contamination
in the plasma. Observations have been made of chemical sputtering where ions can,
instead of colliding and removing an atom from the surface layer, chemically react with
these atoms. The extensiveness of the sputtering e ect depends on the energy, angle,
mass and number of impinging particles. It also depends on the material exposed to the
irradiation [20].

The speci ¢ nominal operating parameters in X0, given in Table 3.1, is much lower than
those in a fusion plasma and as such the sputtering e ects should not lead to that extensive
damage on the inserted materials. LPs made to be inserted into plasmas usually use probe
tip materials that can withstand high-temperatures, like tungsten or carbon [10]. The X0
single tip LP has a tip made out of tungsten for this exact reason. However, one should
observe that sputtering is still a possibility and should continuously be monitored during
experiment runs.

4.5 Arc and Glow Discharge

An arc discharge occurs between two electrodes, like the LP and the vessel for instance.
If the electrode is heated, like the LP under current collection, energetic surface electrons
can be released from its surface. If the two electrodes have a su cient electrical potential
di erence between them, creating a low impedance path, it is possible for the electric
eld to accelerate the released electrons between the electrodes. Plasmas contain neutrals
where the amount depends on the ionization degree, as mentioned in Section 4. The
accelerated electrons might collide with those neutrals on their trajectory to the opposite
electrode. In this collision the neutrals can either ionize or become excited. Thus, the
path the electron takes between the electrodes will be further ionized, compared to that
in the usual bulk plasma. Further, when the also existent excited neutrals go back to
their ground-state again, a visible light can be seen, see Appendix A about the Balmer
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series. This can also happen if a localized spot on the electrode is heated. Both types of
arcs, those where the electrode is heated and those with a localized spot, are classi ed as
electrical discharges. There is another type of visible arcing called glow discharges where
the current typically is lower and the voltage higher. They are caused by primarily ion

bombardments on the electrode surface, releasing electrons which can be accelerated [21].

These type of discharges can occur under LP operations in X0 and are even somewhat
expected. They are likely to occur for high positive biases where the current collection
is signi cant, see Section 4.1. The discharges will disturb the measurements and in the
worst case scenario, cause damage to the equipment.

4.6 Distortion of the I-V Curve

It is inevitable that the probe, inserted into the plasma, also e ects the plasma [10].
However, the goal for the LP is to measure the plasma with as little perturbation as
possible, or at least for the plasma to be perturbed in such a way that one can know what
is a ected and from that knowledge be able to acquire a comprehensible result.

In order to investigate the distortion of the measurable I-V curve, one must consider
the magnetization e ects on the particles in the con nement. As earlier mentioned the
electrons will have a smaller Larmor radius compared to the ions, despite their di erence in
velocity, see Table 3.2. A smaller gyroradius implies that the particle is more tightly bound
to the magnetic eld lines, which corresponds to a higher degree of magnetization [9].

The higher degree of magnetization of the electrons will limit the cross- eld transport,
see Section 1.6. The high impedance between the lines is not experienced by the ions to
the same extent as the electrons, since they are less bound to the eld lines due to their
larger Larmor radius. The electron saturation current, in the I-V curve, will decrease
since the LP will collect less electrons since their cross eld transport is limited [17].
Another thing that can decrease the electron current is a high pressure plasma, where
more neutrals can hinder the electrons from reaching the probe tip [10]. The Equations 4.2
and 4.6 describe a current una ected by magnetization of the particles [10]. Thus, they
will provide a slightly inaccurate model of the collected current. This often leads to;
being underestimated [17].

The current model is even more inaccurate for electrons in the lower-end of the EEDF.
These electrons will have an even smaller Larmor radius (Equation 1.2), which means that
only the electrons following the eld lines that intercept the probe will be collected. As a
consequence, fewer electrons are collected from the low-end of the EEDF. This can cause
the transition region, see Section 4.2, to divert from its exponential behaviour since it is
based on a Maxwellian distribution. This can a ect the estimated electron temperature,
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Te, since the slope of which it is measured, only is truly linear under the natural logarithm

if the electron current is exponentially increasing. The electron temperaturé, is derived
from the inverse of the slope using Equation 4.2, and is often overestimated because of
this [17].

If the eld lines intercepting the probe are momentarily depleted of electrons, the LP will
measure a plasma where the parameters have changed considerably. If the plasma seen
by the LP is depleted of electrons, this will change the space potential measured in the
plasma. The knee marked in Figure 4.2 will not coincide with the true space potential

in the plasma, but rather the local space potential in this depleted region [10]. This is
possible to occur when measuring in X0, thus too high biases can yield a perturbed result.

To truly understand the LP operation in plasma, its return path should be mentioned.
Electric current can not pass without the circuit being \closed". Electric charges can
move in plasma since the plasma itself is made out of them. As already mentioned, the
LP collection causes a perturbation of which a sheath is formed with a changed electric
potential across it. However, current with opposite polarity must enter the opposite
electrode, namely the vessel wall to close the circuit. The space potential in the plasma
must be slightly changed in order for the current to pass to the vessel wall. However,
it cannot be changed too much or the I-V curve will be perturbed, as explained in the
paragraph above. The area of the vessel wall is very large, which means that particles
can easily go out through the return path. However, magnetization will cause impedance
for the cross- eld di usion, which may also in uence the return path. The magnetized
particles will travel along the B- eld lines which limits the area of the active return path.

If the current passing through the return path is limited, so will the current passing
through the probe [17].

However, not only the magnetization can a ect the I-V curve but also the ECRH. The
electron oscillations due to the RF power cause the phase and velocity of the electron and
thus the collection of the electron current to be a ected. The magnitude of the electron
and ion saturation current can even become similar due to the ECRH [10].

4.7 Further Assumptions

There are several assumptions made for the data analysis that will be conducted on LP
data, see Section 5.5. One such assumption is that the plasma will be close to quasi-
neutral (n;  ng) inside the vessel, away from the sheath formations [9]. In other words,
the con nement volume in X0 is assumed to be su ciently large such that there exists a
part of the plasma that is not perturbed.

Another made assumption is that the high-end of the Maxwellian distribution of electrons
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will not be a ected enough by magnetization to completely distort the I-V curve. This will

be used in the data analysis to acquire more reliable analysis results of the experimental
I-V curves. However, there could still exist some e ects such as overestimation of electron
temperatures, underestimates of ion densities, and perturbed space potential as stated in
the Section 4.6 above [10].

4.8 The Single Tip Langmuir Probe

A LP can have various designs and di erent amount of tips. However, a single tip LP,
refers to a LP with only one probe tip used for producing an I-V curve. In this thesis the
single tip Impedans LP [22] was used for measurements, see Figure 4.6a. Although, this
probe has two tips, it is still referred to as a single tip LP, see Figure 4.5. This is because
only one of the tips will be used to collect an I-V curve, more details of the probe tips
are found in the next paragraph. Two such single tip LPs exist, where one is used in X0
and the other one in N1. They are identical except for the length of their ceramic stems,
where the N1 LP is 30 cm longer than the X0 LP.

The LP consists of a red metallic housing which connects via a ConFlat (CF) ange to the
port of the bellows, see Figure 4.6b. An O-ring, between the CF ange and the bellows,
ensures vacuum in the vessel. The LP housing has been modi ed (explained in the next
paragraph) to have two BNC connectors on the air side with the nanterobe and AIR, see
Figure 4.7. Two wires are soldered to th€robe and AIR connectors inside the housing.
These wires go from within the housing into the ceramic stem which has two cylindrical
holes along its axis containing the two wires. The two Tungsten wire tips at the end of
the ceramic stem, see Figure 4.5, are exchangeable. They connect to the wires running
through the stem and housing via push-in connectors. The tip protruding further out
from the stem is referred to as the main tip and the other one the reference tip. This
is called a single tip LP even if the probe has two tips, since the tips will be operated
separately and the reference tip will only be used to measure the oating potentiaV; .
The reference tip is not expected to interfere with the main tip measurements because of
it being retracted relative to the main, see Figure 4.5.

Note that the single tip LP is delivered with capacitors built into the wires inside its
housing. It also had a triaxial connector on thd>robe connector where both main and the
reference tips were outputted, of which théir connector was used for air cooling. Since
X0 is a small vessel with lower temperatures, see Table 3.1, this was deemed unnecessary.
Instead the triaxial connector is changed to BNC connectors, where the main tip wire
inside the housing is soldered to connect t@robe and the reference tip wire to connect to
Air . Modi ed BNC cables will then connect from these to the source measurement unit
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on the air side, see Section 4.11. The additional capacitors were removed to simplify the
electronic circuit as much as possible, ensuring a clear understanding of its design and
functionality.

Figure 4.5: The main and reference tip inside the vessel on the vacuum side. The main
tip is the one protruding further from the ceramic stem.

The accordion-like tube called the bellows as earlier mentioned, see Figure 4.6b, enables
radial movement of the probe in the vessel. An actuator, placed on the bellows can be
used to automatically steer the probe to the desired radial position in the vessel. However,
there is no actuator yet installed in X0, instead the insertion depth was cranked manually.
This enable local measurements of the plasma at di erent radial positions in the vessel
using the LP.

The ceramic stem is of great importance and a key factor in the LP design. The active
length of the cylindrical tip is 10 mm and the radius 0.1 mm, which provides measurements
with a radial resolution of its length. The ceramic stem is used for isolation, such that only
the active length is used for charge collection. Ceramics is a low maintenance material,
which is non-reactive to external and extreme environments with a dielectric strength
that can withstand high temperatures [23]. A non-outgassing, high temperature resistant,
dielectric material is a perfect insulator to use in a plasma. The durable material can
carry its own weight without sagging due to gravitation.

4.9 The Installation of the Langmuir Probe

The work conducted in this thesis included installation of both the LPs in X0 and N1,
respectively. It is important to understand the probe tip orientation relative to the mag-
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