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1 General Introduction

“A Rocket into Cosmic Space” was the name of an article published by K. E. Tsi-
olkovsky [1] in 1903. This is the date now considered the beginning of modern rocket
science and astronautics. Probably the most important part of this article is what is
known as the Tsiolkovsky rocket equation. This equation describes the motion of a
vehicle exhausting mass carried within the itself for propulsion. This equation states
that the maximum change of speed depends on the ratio between the initial mass to the
final mass and the effective exhaust velocity. Tsiolkovsky himself recognized the limits
of the exhaust velocity in chemical propulsion and wrote 8 years later “It is possible that
i time we may use electricity to produce a huge velocity for the particles ejected from
the rocket device” in his article “Investigation of Universal Space by Means of Reactive

Devices”.

The serious development of chemical rocket engines started in the late 40s of the 20th
century. The speed of development accelerated fast in the 50s where the launch of the
Sputnik satellite by the Soviet Union on October 4, 1957 triggered the space race. From
this point on, the Soviet Union and the United states did compete for supremacy in space
and goals like first human in space, first spacewalk to the end when Neil Armstrong put
his foot on the moon on July 20, 1969.

From the time of Tsiolkovsky’s prediction it has taken over 50 years until 1964 NASA
launched the SERT-1 mission with a Kaufman type ion thruster and proved Tsiolkovsky
right. The NASA demonstrated the propulsion of a space probe by means of electrostatic
accelerated particles. Since then electric propulsion developed fast. Where early missions
used mercury or cesium as propellant [2], xenon is now the standard for most of the
modern electric thruster. A large number of different electric thrusters concepts have
been developed in the last 50 years. Out of all these concepts two types of engines have
shown the most promise, the ion thruster and the Hall thruster. These two concepts
clearly monopolize the market and have been space proven in a large amount of missions.

They both offer a performance in terms of thrust efficiency and specific impulse that



cannot physically be reached with chemical propulsion. This allows for mission scenarios

not been possible before.

The Deep Space 1 mission of NASA carried out a flyby on the asteroid Braille and
the comet Borrelly with the help of its NSTAR ion thruster. The Japanese Hayabusa
mission used microwave ion thrusters to go rendezvous with the the asteroid Itokawa get
a sample of material and return it to earth. The GOCE mission of the European ESA
uses a pair of T5 ion thruster to counteract the drag force of the atmosphere in order to

precisely measure the earth’s gravitational field.

Both thruster types, the Hall thruster and the ion thruster, though relying on different
architectures and physical principles, share a common point they accelerate only positive
ions. Therefore they have the need for an external neutralizing cathode to provide the
electrons to balance the charges in the accelerated plasma. Furthermore, positive ions
and electrons have a recombination length of several hundred meters and a possible
interaction with the components of the spacecraft such as solar panels or optics cannot

be avoided.

The PEGASES thruster (Plasma Propulsion with Electronegative Gases) goes another
way. The concept is under development by the LPP (Laboratoire de Physique des Plas-
mas) of the Ecole Polytechnique in Paris since 2005. The PEGASES thruster accelerates
positive and negative ions. The ions are produced by a radio frequency (RF) source with
an electronegative gas such as SFs. The plasma passes a magnetic field to cool down
the electrons and increase the creation of negative ions. The strongly electronegative
plasma is then accelerated by alternatively biased grids. A neutralization cathode is not
needed since positive and negative chargers exit the thruster and a quasi neutrality is
given. The recombination length between positive and negative ions is only a fraction of
that between electrons and positive ions. This avoids the backscattering of the charged

particles which can lead to degradation of the solar panels or the optics of the payload.

1.1 Motivation and Goals

Despite the apparent simplicity of the concept a lot of work remained to be done. We
started our experiments with a capacitive coupled RF discharge at 13.56 MHz inside a
quartz tube with the goal to investigate the magnetic field layouts for the PEGASES

thruster. While performing the experiments we discovered a strip-like structure inside



the plasma. A similar structure had just been predicted in numerical simulations. This
led to a new priority in our research and we tried to answer the following questions:
Where does that structure come from? What does it mean for the PEGASES thruster?
Can it be avoided? In the end it turned out that this structure has also been observed
inside the PEGASES thruster.

After the second PEGASES thruster prototype, designed by the team of the LPP Ecole
Polytechnique in Paris, became available to us. We integrated it into our new vacuum
chamber which was specially constructed for the thruster. We started to research this
thruster with all probe systems available to us in order to obtain the performance level

with xenon to compare it to radio-frequency ion thrusters (RIT).

We needed a tool to measure the ion velocity distribution function (VDF) as well as the
molecular ion fraction and the amount of multiply charged ions inside the plume of the
thruster. For this, we started to develop an ExB probe which is smaller than a mass
spectrometer, can be placed inside the vacuum chamber and is easier to use. The goal
was to use the probe in a variety of gases and ultimately in SFg, the proposed propellant
for the PEGASES prototype.

1.2 Chapter Summary

Chapter 2 gives an introduction into the fundamentals of space propulsion followed by
a presentation of Hall thruster and ion thrusters. A more detailed description is given
for the ion thrusters as they are closely related to the object of research. The chapter
continues with a description of the PEGASES thruster concept and its elements, the
RF plasma source, the magnetic barrier and the acceleration system. The chapter closes

with a description of the dedicated vacuum test bench used in the experiments.

Chapter 3 presents the plasma probes used in the frame of the work. It briefly intro-
duces the planar probe, the capacitive probe, the Langmuir probe, the emissive probe
and the retarding potential analyzer and the underlying theories used for processing the
obtained data.

Chapter 4 gives a more detailed introduction into the theory and the construction of
the ExB probe. Numerical simulations of the magnetic and electric field inside the
probe are presented as well as ion trajectory simulations. A detailed description of the

construction of the probe system is given. The chapter concludes with the presentation



of first measurements which have been performed in a Hall thruster and the PEGASES

ion thruster.

Chapter 5 describes the investigation of a strip-like structure found in a RF plasma
with a transverse magnetic field. Measurements with a variety of probes reveal the prop-
erties of the plasma. The strip-like structure is a narrow region of high electron density
and temperature and large plasma potential. The strip makes the plasma strongly inho-
mogeneous. The ExB drift is identified as the most likely origin for the drift structure.
The latter can be seen as an open drift in which the electron flow interacts with the
walls. A Faraday shield is used to change the discharge conditions from capacitive to

inductive and avoid the strip.

Chapter 6 contains the experiments performed with the PEGASES thruster. The prop-
erties of the thruster are characterized inside the discharge cavity and the power transfer
efficiency is given. Measurements with the ExB probe, a planar probe and an RPA in
the plume of the thruster operating in xenon are presented. A thrust estimate based on
the measured ion flux is given. The chapter concludes with experiments performed with

the magnetic barrier in SF¢ and xenon.

Chapter 7 presents the conclusion of the performed work and gives a prospect for future

research.

The thesis has been conducted in the frame of the PEGASES project. The research was
financially supported by Astrium-CTO and the ANR under grant ANR-11-BS09-040.



2 Electric Propulsion

2.1 Fundamentals of Space Propulsion

The purpose of a propulsion system is the generation and delivery of thrust in order to
move it. This is true for cars and airplanes as well as for rockets and satellites. The
principle of the thrust generation of a rocket engine is to create a momentum exchange
between the propellant which is ejected with a high velocity and the rocket or spacecraft.
This can be described with:

d
T = d—?ve = 1., (2.1)

where T is the thrust , m is the propellant mass, m is the propellant mass flow rate and

v, 18 the effective propellant exhaust velocity.

Satellites and space probes are getting increasingly complex. The numbers of systems
and experiments on board are constantly increasing and the frontier of what is possible
is constantly pushed. But as the cost of putting an object is still very high, the require-
ments for the propulsion system can be summarized in one statement, fulfill the mission
goals with the least amount of mass. The mission requirements might demand for a high
thrust like for the start of a rocket but once in space another factor gets more important.
The Aw, the change of speed of the spacecraft by its propulsion system when no other

additional force is applied. It originates in Konstantin Tsiolkovsky rocket equation [1],

Av =0, - In—, (2.2)

where my is the initial mass of the spacecraft and m; the mass at the end of the maneuver.



To calculate the achievable A, of the spacecraft, the equation can be rewritten as,

Av =1, In w, (2.3)
mq

where my is the final delivered mass and m,, is the total propellant mass.

This equation can be rearranged to show the relation between the propellant mass and

the Av requirement,

m, = myq (em’/”"‘ —1), (2.4)

from this equation we can clearly see that the propellant mass increases exponentially
with the required Av. The only feasible solution to increase the mission Av above a
certain grade is therefore to increase the propellant exhaust velocity. The literature [2]
3] gives, for chemical propulsion, a maximum achievable effective exhaust velocity of
4 —4.5km/s. The performance of a propulsion system is usually given in form of the

specific impulse I,

I,=— =, (2.5)

where go is the gravitational constant. The higher the I, the less propellant mass is

needed to achieve a certain Av.

The exhaust velocity in chemical propulsion is achieved by expansion of a hot gas through
a nozzle. The gas has to be brought to a high pressure in order for the process to be
effective. This is usually achieved by burning the gas and is limited by the energy
contained in the propellant and the mechanical constrains of the materials used. The
solution to break the restrains of chemical propulsion lies in introducing the energy in

another form. This is the idea of electric space propulsion.

While the energy of chemical propulsion is stored in the chemical bonds of the propellant
the energy of the electric propulsion system introduce the energy into the propellant by
an external source. Although there are many ways to generate and store energy on a
spacecraft the most common source nowadays are solar panels. In electric propulsion

there are several ways to deposit the power into the propellant:

e The electrothermal thrusters are using the electric energy to heat and increase the
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Figure 2.1: Propellant to system mass ration for common Aw requirements over the
effective exhaust velocity.

pressure of the propellant and then converting it into kinetic energy by expansion
in a nozzle similar to chemical propulsion systems. Arcjets and resitor jets belong

to this category.

e The electromagnetic thrusters accelerate the ionized propellant by either the Lorentz
force or by an electromagnetic field. Magnetoplasmadynamic thrusters and pulsed

plasma thrusters belong to this group.

e The electrostatic thrusters like the Hall thruster or the ion thruster use an elec-

trostatic field in the direction of thrust vector to accelerate the ionized plasma.

Figure [2.1] shows the propellant to mass ratio for several common Av requirements over
the effective exhaust velocity using the Tsiolkovsky rocket equation (Eq. [B.1)). This
explains that a low propellant to mass ratio can only be achieved with the high exhaust

velocities provided by electric propulsion.

Out of a variety of different ideas of electrical propulsion two concepts clearly emerged
and have already been used on several missions, the Hall thruster and the gridded ion

thruster.
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Figure 2.2: The schematic function of a Hall thruster is shown in (a) and (b) shows the
PPI Hall thruster in the NeXet test chamber at the ICARE.

2.2 Hall Thruster

The Hall thruster or stationary plasma thruster is an electric thruster where the pro-
pellant is ionized and then accelerated by an electric field. A Hall thruster consists of
a annular channel in which the gas, usually Xenon, is ionized. In this channel a radial
magnetic field is generated by coils or permanent magnets. The magnetic field and an
electric field between the thruster anode, located in the annular channel, and the cath-
ode potential plasma in front of the thruster, forces the electrons to spiral in £ x B
direction around the thruster axis. This current is responsible for the ionization and is
called the Hall current. A schematic drawing of the Hall thruster and a picture of the
PPI Hall thruster in the NeXet test chamber at the ICARE (Institut de Combustion
Aérothermique Réactivité et Environnement) is presented in Fig. 2.2

The magnetic field is designed to influence the electrons but is not strong enough to
deflect the heavier ions. The ions are accelerated parallel to the channel axis by the
electric field between the anode in the thruster and the cathode in front of the thruster.

The externally mounted cathode provides electrons to neutralize the beam [2].

The Hall thruster is a well researched thruster and has been flown in space regularly
since its first mission in 1971 on board the Russian Meteor satellite [2]. Hall thrusters are
routinely used for station keeping and orbit insertion on geostationary communications

satellites.



2.3 lon Thruster

2.3.1 Introduction

The PEGASES thruster used in this thesis is closely related to the ion thruster (or
gridded electrostatic ion thruster) and therefore a more detailed introduction will be

given.

Ion thrusters work by electrostatically accelerating ions extracted from a plasma gener-
ator and then neutralizing them. The first ever in space flown electric thruster was an
mercury operated ion thruster in the SERT-1 mission of the NASA in 1964. Since then
a few thrusters have been operated in space. The NASA demonstrated with the Deep
Space 1 mission in 1998 that ion thrusters can be used reliably as a primary propulsion
system for space probes. A picture of the NSTAR ion thruster integrated in the Deep
Space 1 probe is shown in Fig. (a). A picture of a hot fire test of the NSTAR thruster
in the NASA JPL laboratory is shown in Fig. (b). The NSTAR thruster was operated
so successfully that a cluster of three thrusters has been integrated in NASAS’s DAWN
mission which has visited and orbited the asteroid Vesta and is currently on it’s way to

the dwarf planet Ceres.

The Hayabusa mission of the Japanese JAXA used a cluster of four microwave xenon
ion thrusters. During this mission the satellite performed a gravity assist maneuver on
the earth, approached the asteroid Itokawa took samples and returned them to earth.

On the way the thrusters operated more than 35,000 h per unit [4].

Another notable ion thruster mission is GOCE (Gravity Field and Steady-State Ocean
Circulation Explorer) launched by the ESA in 2009. Two QinetiQ T5 ion thrusters are
used to overcome the air resistance and to keep the the satellite drag free to improve
the measurements of the earths gravitational field. Each of the thrusters can provide a
thrust between 0.6 — 20.6 mN with a resolution of 12 uN [5].

Figure shows a schematic drawing of electron bombardment ion thruster with a
hollow cathode. The thruster has a ring cusp confined source similar to the one used in
the NSTAR thruster and a two grid acceleration system. The electrons needed to keep
the plasma quasi neutral are provided by an external neutralizing cathode. Ion thrusters
are best broken down and described in three stages: the plasma generation, the plasma

acceleration and the neutralization stage:



Figure 2.3: (a) shows a picture of the integrated NSTAR ion thruster in the Deep Space
1 probe. (b) shows the NSTAR ion thruster during a hot fire test at NASA’s
JPL lab Pasadena, California. (Image credit: NASA)
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Figure 2.4: Electron bombardment ion thruster with a hollow cathode and ring cusps as
source, a two grid acceleration system and a neutralizing cathode.
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2.3.2 Plasma Generation

Three different kinds of plasma generators are commonly used for ion thrusters.

e DC discharge plasma generation where a thermoionic hollow cathode in combi-

nation with a DC power supply is used to generate electrons. The electrons are
extracted from the cathode and accelerated into the discharge chamber where they
ionize the propellant gas. To increase the electron path length and therefore the
ionization, magnetic fields are used to confine the electrons. Out of a long list,
two types of magnetic confinement are commonly used. The Kaufman type source
shown in Fig. (a), named after its inventor Harold R. Kaufman, uses a mildly
divergent magnetic field to keep the electron on axis of the thruster. In order to
reach the anodes which are located close to the walls of the discharge chamber,
the electrons have to undergo collisions [2]. The T5 engine used on the GOCE
spacecraft and its successor the T6 engine uses this kind of configuration. The sec-
ond magnetic field layout is called the ring-cusp field configuration and is shown
in Fig. (b). It is similar to the configuration shown in Fig. and is used in
the NSTAR thruster of the Deep Space 1 mission. The ring-cusp geometry uses
rings of permanent magnets with an alternate polarity. The electrons injected by
the cathode follow the field lines and demagnetize sufficiently to bounce of the
surface magnetic field until they lose their energy due to collision and ionize the

propellant gas or are lost to one of the cusps [2].

Microwave ion generators use microwave frequencies to generate electromagnetic
fields which excite the propellant gas to generate ions. This avoids life time issues
which can be a problem with a hollow cathode and reduces sputter erosion in the
thruster. The disadvantage is that to start a plasma a relatively high pressure is
required. This can decreases the efficiency of such a thruster. The 10 thrusters

that propelled the Japanese Hayabusa space probe are of this design.

RF ion thrusters use an inductive coupled plasma (ICP) source to generate an
ionized gas. A low frequency RF voltage is applied to a coil, typically wrapped
around an insulating chamber, to heat the electrons in the propellant gas which
then ionize the atoms. The applied frequency is typically around 1 MHz [0 [7].
The advantage of the 1 MHz frequency over the industry standard frequency of
13.56 MHz is that the inductive reactance in the coil decreases with the frequency.

This leads to a lower voltage and a higher current in the coil and reduces the
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Figure 2.5: Magnetic field types of ion thruster: (a) Kaufman type thruster with a mildly
diverging magnetic field and (b) ring-cusp field type.

capacitive coupling. A pair of two RIT-10 thrusters, made by EADS Astrium have
been used in ESA’s Artemis mission. After the the upper stage of the Ariane 5G
carrier did not bring the full power, the satellite was deposed in a 17500 km orbit.
In 18 months the RIT-10 thrusters, shown in Fig. [2.6] elevated the orbit to the
planed 36000 km geostationary orbit and saved the mission. The RIT-XT is the
successor of the RIT-10 and is displayed in Fig. [7]. The V-shape of the thruster
minimizes the interaction of the plasma with the surface and aims to reduce the
ion production costs. The PEGASES thruster is technically a RF ion thruster.
Although the plasma generation is similar the rest of it differs quite strongly when
used like intended. In this thesis the PEGASES thruster will be used with xenon

in the classical mode which means it is similar to a RF ion thruster.

Figure 2.6: The RIT-10 thruster made by Astrium used to save ESA’s Artemis mission
(Image Credits Astrium).
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2.3.3 Plasma Acceleration

The acceleration in ion thrusters is performed electrostatically by biasing a set of multi-
aperture grids. This assembly of grids is called the ion optics. A three gridded ion
thruster is most commonly used. The electrical schematics and the potential of the
plasma along the x-axis are shown in Fig. 2.8 Two and 4-grid designs of the thruster
are also in use. In the 2-grid design a deceleration grid is not used. This limits the
ion current which can be extracted with the same amount of power. In the 4-grid
design a slightly negatively polarized grid is added behind the deceleration grid to avoid
backscattering of the electrons emitted by the cathode. The ion optics are designed to
accelerate and focus the beam of ions and to minimize the loss onto the grids. In the
same time they must warrant a long lifetime. The focusing has to be achieved over the
whole range of ion densities which are the result of the different operating conditions.
The transparency of the grid directly influences the discharge loss and therefore has to be
minimized. In order to minimize the losses the grids should have a high ion transparency
to pass a high amount of current but a low neutral transparency to confine the neutral
atoms and allow for their ionization. This can be achieved with larger screen grid holes
and smaller acceleration grid holes. The form of the grids also directly influences the
divergence of the beam. The divergence of the beam should be minimized to generate the
maximum amount of thrust. The material determines the lifetime of a grid, as erosion
is etching the grids slowly away. The erosion can occur due to secondary ions which
are created in the plume of the thruster by resonant charge exchange between the ions
and neutral atoms. These ions are attracted to the negatively charged acceleration grid
and can hit with sufficient energy to erode the grid. A well designed screen grid focuses
the beam and reduces the amount of ions propelled onto the acceleration grid. However
ions created between the grids, through charge exchange, are not focused and contribute
to the erosion of the acceleration grid. Molybdenum is used as grid material for its
positive properties. It has a low sputter erosion rate and it can be chemically etched
which makes the production of the grids more cost efficient. Other materials like carbon
composites and pyrolytic graphite have also good properties and can be considered as

grid material [2].
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Figure 2.7: The RIT-XT thruster of As-  Figure 2.8: Electrical schematic and po-
trium  (Image Credits As- tential of the plasma in a three
trium) [7]. gridded ion thruster.

2.3.4 Neutralization

In order to neutralize the ion beam an electron source is needed. Early ion thrusters
utilized directly heated tungsten filaments to provide the electrons [2]. This cathode type
has, however, a short lifetime of typically several hundreds of hours. The problem can be
avoided by the utilization of a hollow cathode. Figure [2.9|shows the cathode used in the
beginning of the experiments with the PEGASES thruster. The cathode was designed by
the Moscow State Institute of Radio-engineering, Electronics and Automation (MIREA).
A wolfram spiral is heating an electron emitting tablet made of LaBg. Xenon is injected
into the cathode and ionized in order to increase the electron flux. The electrons leave
the cathode through the orifice in front of the cathode body. The current range of
the cathode is between 0.5 A and 8 A. The heating current of this cathode is typically
between 12 — 15 A at a voltage of around 10 — 15V resulting in a heating power in the
region of 120 — 225 W.
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2.3.5 Performance

The requirement characteristics for space propulsion systems are quite diverse and it is
necessary to find the matching system for each mission. Launchers like the Ariane 5 or
the Soyuz need a huge amount of thrust over a short period to be able to reach space.
This can not be realized with electric propulsion. But once in space a mission goal might
require a large Av which can not be achieved with chemical propulsion. Some rough
numbers are given by Larson and Wetz [§] and are shown in Tab. to get an idea of the
possible range of thrust and specific impulse. Some numbers of space proven electrostatic
ion thrusters have been added. The thrusters which have been in space produce a thrust
between 8 mN for the 110 thruster up to 90 mN for the NSTAR thruster. They have an
I, of 3000 — 3500 s. Thrusters with higher and lower thrust exist in many labs around
the world but as it is very costly to develop them to a level where they can be used to
fly in space few are ever flown. A solution to vary the thrust brings the clustering of
thrusters. Hayabusa started with a cluster of four ©10 thrusters bringing the nominal
thrust up to 24 mN. The Artemis mission used two RIT-10 thrusters with a nominal
thrust of 30 mN. The NSTAR on the other hand was used as a single thruster in the
Deep Space 1 mission but is built into the Dawn spacecraft in a cluster of three. The
clustering brings the advantage of redundancy but usually at the cost of a higher system

mass.

The power consumption is another important feature of the electric propulsion system.
While with chemical propulsion the thrust period is short (and they usually don not
consume a huge amount of electric power) the thrust period of electric thrusters can

be months and years. Hence it has to be accounted for in the power calculation of
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Type Propellant Energy Vacuum Thrust
I, (sec) Range (N)

Cold Gas N, NHj, Freon, Pressure 50-75 0.05-200
helium

Electrothermal:

Resistorjet Ny, NH3, NoHy,  Resistive heating  150-700 0.005-0.5
Hp

Arcjet NH;, NoH,, Hy Electric arc heating 450-1500 0.05-5

FElectrostatic:

Ion Thruster Xe,Cs,Hg Electrostatic 2000-6000 5-1075-0.5

-NSTAR [10] Xe “ 3200 0.090

-RIT-10 [9] Xe “ 3460 0.015

10 [4] Xe “ 3000 0.008

Hall Thruster  Xe “ 1500-2500  5-1076-0.1

Table 2.1: Performance characteristics of several space propulsion systems [§]

the spacecraft. The p10 thruster consumes around 43 W/mN [4] which is relatively high
compared to the 30 W/mN of the RIT-10 [9] and the 25 W /mN of the larger NSTAR [10].
As can be seen a larger size of the thruster decreases losses to the walls of the discharge

chamber due to an increased volume to surface ratio.

2.4 PEGASES Thruster

2.4.1 Introduction

The PEGASES thruster (acronym for Plasma Propulsion with Electronegative Gases) is
a novel design for an ion propulsion system. The PEGASES thruster concept has been
created by P. Chabert in the LPP laboratory of the Ecole Polytechnique in Paris in 2005
and since then been patented and researched [ITHI3]. The concept of this thruster is
shown in Fig. The plasma is inductively generated by a planar RF coil in the back
of the thruster. An electronegative gas such as SFg is used as a propellant. The electrons
in the plasma are cooled down due to collision within the magnetic field of the barrier.
This results in the creation of more negative ions to a point where one can talk of an
ion-ion plasma. An ion-ion plasma consists of negative and positive ions and a negligible
amount of electrons in such a way that the plasma dynamics are controlled by the ion

pairs. The negative and positive ions are then accelerated by a set off alternatively
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Figure 2.10: The PEGASES thruster concept: RF plasma generation with a planar coil,
magnetic filtering to increase the amount of negative ions and the alterna-
tively biased acceleration and recombination of the ions.

biased grids. The recombination outside of the thruster happens between the positive
and negative ions which is more efficient than the recombination between positive ions
and electrons. This PEGASES concept has no need for a neutralizing cathode which
can limit the lifetime of a thruster. Another advantage is that the short recombination
length avoids back scattering of charged particles to the spacecraft which can lead to

degradation of the solar panels and the optics which are often on board satellites.

A second prototype of the PEGASES thruster is currently mounted at the EPIC test
bench of the ICARE institute in Orléans and presented in Fig. 2.11] The thruster
operating in xenon and accelerating ions is shown in Fig. The picture has been
taken from a window located on the side of the test chamber and half the exit plane is
shaded by the structure of the test bench.

2.4.2 Second PEGASES Thruster Prototype

The second PEGASES thruster prototype has been used in the frame of this thesis. Our
team was not involved in the construction and development of the thruster prototypes
which has been done by the LPP (Laboratoire de Physique des Plasmas) of the Ecole
Polytechnique in Paris. A detailed description of the first prototype can be found in the
thesis manuscript of Gary Leray and Lara Popelier [12] [13].
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Figure 2.11: The second PEGASES thruster prototype mounted to the EPIC vacuum
chamber seen from outside (a) and the inside (b).
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Figure 2.12: The PEGASES thruster firing with a xenon plasma as seen from the side
window of the EPIC test chamber.
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Figure 2.13: The second PEGASES thruster prototype as an assembly drawing made in
a CAD system.

The second PEGASES thruster prototype is made out of aluminum and has a DN180LF
flange to connect it to a vacuum chamber. A 3D CAD drawing of the second PE-
GASES thruster prototype is shown in Fig. 2.13 The discharge cavity has a size of
80 x 120 x 119 mm with a volume of roughly 1.11. The thruster has a square shape
instead of the standard circular form to allow for clustering of multiple thrusters with
minimal space loss. The aluminum thruster body is anodized to isolate the discharge
chamber from the ground and keep it floating. The anodized layer turned out to be
insufficient as an isolator. Arcs formed inside the cavity which broke through the insu-
lation. A cavity made out of four BN-SiO, ceramic walls was inserted into the thruster
to ensure a floating plasma (Fig. [2.14]). This reduces the cavity to 58 x 104 x 119 mm
and a volume of 0.721. A set of grids can be attached to the thruster body with the
help of a PEEK ( Polyetheretherketone, an organic polymer) support. A RF coil inside
a ferromagnetic core is placed at the end of the truster and separated from the plasma
by a ceramic window. The coil and and the ferromagnetic core are embedded into a
water cooled block of brass to ensure the evacuation of the excess heat produced in the

system.
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Figure 2.14: PEGASES thruster body with the BN-SiO5 ceramic walls inserted.

2.4.3 Plasma Generation

The second PEGASES prototype [12] uses a seven loop planar coil which is separated
from the discharge chamber by an 3 mm thick alumina ceramic window. A 4 MHz RF
current is used to drive the coil. The coil wire is made out of stranded silver plated
copper with a extruded polytetrafluoroethylene insulation. The wire is intended for use
in high temperature environments up to 200 °C and has a low resistance. The coil induces
an electromagnetic field which couples inductively to the electrons in the plasma. The
electrons create ions due to the collision with the neutral gas atoms. This configuration

is also called an ICP (Inductively Coupled Plasma) source.

To increase the power coupling to the plasma the is embedded into a ferromagnetic
core[I4]. The effect is shown in Fig.[2.15| The RF field is channeled inside the ferromag-
netic core and concentrated in the direction of the ceramic window with the discharge
chamber and the plasma behind it. This increases the amount of power which can be

absorbed by the plasma.

The propellant gas of the PEGASES thruster is injected through 16, 1 mm in diameter,
holes which are located on both sides of the thruster on the symmetrical axis (8 holes
on right side and 8 holes on the left side). This ensures that the gas is spread evenly in
the discharge chamber. The injection of the cold gas within the magnetic barrier helps
the formation of negative ions [I5HIT].

To amplify the RF signal generated by a TTi TG4001 signal generator a RF power
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Figure 2.15: Schematic drawing of the magnetic field lines of a RF coil with and without
a ferromagnetic core to increase the power coupling.

amplifier E&I A300 has been used. Due to a low reliability of the A300 it later has been
replaced by a ADECE 300W Poweramp. Both amplifiers are able to provide 300 W RF
power to the plasma. The full power can only be used for a short time as the matching
circuit and the thruster body heat up to a critical temperature when a power of more
than 200 W is used. A Bird 43 wattmeter has been used to observe and measure the
forward and the reflected RF power. The wattmeter is installed between the matchbox

and the amplifier.

Matchbox

To transmit the maximum amount of power to the plasma and to avoid power to be
reflected into the amplifier, a matching network has to be used with RF circuits. The
most common form of impedance matching is the L matching network. In this network
one side of the RF coil is grounded and a variable capacitor is installed in parallel to the
coil. Another variable capacitor is placed between the amplifier and the coil. By changing
the capacitance of both capacitors the impedance of the coil and the capacitors can be
matched to the impedance of the amplifier. Such networks are simple and relatively
cheap to build but they have the disadvantage that the potential on the coil is not
symmetrical and they produce a high voltage on the coil. This type of network with the
RF source described has been used in Chapter [f]

For the second prototype of the PEGASES thruster Valery Godyak designed a push-
pull matching network with air variable capacitors and a low loss transmission line
transformer [I3]. In this second version of the matchbox no part of the coil is grounded.
Instead the circuit is made so that when one end of the coil is on a high potential the

other part is at a low potential. This means the middle of the antenna stays always at
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Figure 2.16: Matchbox with a low loss transmission line transformer and air variable
capacitors. The PEGASES thruster is attached on the right side.

zero potential and both ends alternate with opposite potential. This design uses the RF
coil symmetrical and lowers the peak potential difference with respect to the ground. A
reduction of the voltage in the coil lead to a reduction of the capacitive coupling into
the plasma. Figure [2.16] shows the matchbox containing the matching network. A more
advanced third version of the matchbox is currently in use by the LPP team. On the right
side the PEGASES thruster is attached and the wires are leading tho the RF coil which
is embedded into a ferromagnetic core and a cooling circuit. The combination of a low
frequency RF signal with the specially designed matchbox and the ferromagnetic core
creates an efficient ICP source as shall be seen later on. More details to the matchbox
can be found in the PhD thesis of Lara Popelier [13].

2.4.4 Magnetic Barrier

The magnetic barrier of the PEGASES thruster at ICARE consist of SmCo permanent
magnets (Samarium-cobalt magnet). Compared to Neodymium magnets, the SmCo
magnets need to be larger to produce the same magnetic field strength but due to a
higher Curie temperature they keep their magnetic properties at higher temperatures.
The PEGASES thruster cavity can reach temperatures around 80 °C while in use which is
the temperature which should not be exceeded with the available Neodymium magnets.
The configuration of the magnetic barrier is shown in Fig. [2.17] The magnets are long
and thin to better focus the magnetic field in one region. The field strength can be varied
by adding and removing magnets on top of the magnet closest to the PEGASES body.
Figure 2.18 shows a front view of the distribution of the magnetic field inside the cavity
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Figure 2.17: Front and side view of the magnetic barrier of the PEGASES thruster.

with a pile of three magnets. The magnetic field was measured and then interpolated
for this plot. The field strength along the symmetrical y-axis is 190 G in average for
3 magnets on each side. In the figure the ceramic cavity of the discharge chamber is
indicated in black. Configurations can be used where 2 magnets on each side generate
an average magnetic field of 109 G or 1 magnet on each side generates a field of 62 G in
the middle of the cavity.

The magnetic barrier of the PEGASES thruster is essential for the production of neg-
ative ions. The reduction of the temperature of the electrons in the plasma enhances
the chance of dissociative attachment when using an electronegative gas like SFg. The
attachment rate increases strongly at electron temperatures around 1 eV [I8]. The tem-
perature reduction also reduces the dissociation due to collision with energetic electrons
of the already present negative ions [19]. The technique to produce negative ions for the
PEGASES thruster has been under investigation by the LPP laboratory of the Ecole
Polytechnique in Paris [13, I8-20]. It has been shown that the electron temperature
downstream of the magnets is indeed lower and that the negative ion density in this
region is high. Further more an acceleration of positive and negative ions has been

performed and measured.

In the experiments with the PEGASES thruster as a classical ion engine with xenon,
the magnetic barrier has not been used unless otherwise stated. The main goal of the
magnetic barrier is the production of negative ions. As the electronegativity of xenon
is much lower than that of SFg, no attempt has been made to produce negative xenon

ions and to accelerate them.
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Figure 2.18: The measured magnetic field distribution inside the cavity in the three mag-
net configuration and 190 G magnetic field along the cavities symmetrical
y-axis. The ceramic cavity of the discharge chamber is indicated in black.

2.4.5 Plasma Acceleration

The PEGASES thruster uses, like other ion engines, a set of multi-aperture grids for the
electrostatic acceleration of the ions. The difference to the normal ion engines is that
the PEGASES thruster accelerates both negative and positive ions which are present in

the discharge chamber. To achieve this the grids are alternatively biased.

For the experiments presented in this thesis a set of two planar grids with 2 mm in
diameter holes and a transparency of 60 % has been machined. The grid has a thickness
of 0.8 mm. Stainless steel was chosen as a material because it is easy to machined. The
disadvantage of the material is the vulnerability to erosion. This does not pose a problem
in the prototype model of the thruster as the thruster is not operated over a long amount
of time. The grid holes for the screen grid and the acceleration grid have the same size.
The set of planar grids is shown in Fig. [2.19. The grids are not optimized in shape,
meaning that a margin for improvement in the performance level still exists. The main
goal of this work was to achieve ion acceleration, measure the plasma properties in the
plume and determine the performances in the system. The two grids are separated by a
1 mm spacer made out of Teflon. The latter is simply inserted in between the grids. The
disadvantage of this assembly is that after several hours of experiments a conducting
layer formed on the surface of the Teflon spacer which favored arcing. This did lead in

one case to a sever short circuit which damaged the grid support.

The plasma is elevated by the first grid to a high potential since the cavity of the dis-
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Figure 2.19: The set of grids used for the experiments made out of stainless steel with a
transparency of 60 % and a hole diameter of 2 mm

charge chamber of the PEGASES thruster is floating. This is achieved by the previously
mentioned BN-SiO, ceramic cavity which isolates the plasma from the grounded thruster
walls. In the beginning of the experiments the ceramic cavity was not available and a
PEEK cavity has been used. This cavity had the advantage that it was easy and quick
to produce. The disadvantage was that the cavity deformed under the thermal load of
the plasma during the experiments. The total potential of the plasma consist of the grid
bias and the plasma potential ((V, + V},). The second grid is grounded. It would be at
spacecraft potential in space. The potential difference between the first and the second

grid generates an electrostatic field and accelerate the ions. The expected velocity of

_[2Ze(Vy+ V)
v; = T, (26)

where V}, is the bias voltage on the grid, V,, is the plasma potential, Z the charge number

the ions can be calculated with,

and M is the mass of the ion.

Child-Langmuir Sheath

The amount of current an ion thruster can extract and accelerated is called perveance
and is limited by the space charge effects and characterized by the Child-Langmuir

equation:

3/2
[— 5= ¥o %va/,
9 M d?

(2.7)

with the total current I, the ion flux J, the acceleration area S and the potential across
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the sheath thickness of d. This equation can be used in to calculate the space-charge-
limited ion current of a grid system in an ion thruster where, in an first approximation,
d is the gap between the grids [2] p.80]. The maximum perveance P, a thruster can

achieve is given by the coefficient in the Child-Langmuir equation:

_deg [2eZ 3/2
Pz = 5 1/ i [A/V], (2.8)

This gives us a maximum perveance of 4.77 x 1072 A /V3/2 for singly charged xenon ions.

For round holes with a diameter D in the grid the maximum perveance is,

P = 022 (5) v, (29)

Therefore to maximize the current that can be extracted from a thruster it is important
to chose a large hole diameter to grid space ratio. This ratio is limited as the hole
diameters of the grid have to be chosen to be in the dimension of the Child-Langmuir
length [2, p.190]. The other factor, the grid distance, is limited by the grid voltage. The
bias voltage and grid distance have to be chosen, keeping in mind the plasma density,

S0 no arcing can occur in the grids.

Figure shows the Child-Langmuir length, calculated from Eq. over the ion
current for several bias voltages calculated from Eq. for xenon. The graph shows
that, especially for lower bias voltages in the grids, a high ion current might not be
too desirable as the Child-Langmuir length decreases strongly. The ion current can be
lowered by decreasing the flow rate and therefore the pressure in the discharge chamber.
Another way is to decrease the input power into the thruster but this also decreases the

mass utilization of the thruster and is less desirable.

An example for the optimization of the grid system can be found in the Ph.D. thesis of
Michaél Irzyk [21].

2.4.6 Neutralization

The PEGASES thruster does not need a neutralization stage. The positive and negative
ions leave the thruster in waves and recombine behind the thruster. The short recombi-
nation length between positive and negative ions makes this process more efficient than

the recombination between positive and negative ions. This is one of the advantages
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Figure 2.20: The Child-Langmuir length for xenon over the ion current for several bias
voltages.

of the PEGASES thruster as this can avoid the back scattering of charged particles to
the spacecraft. Back scattering can appear when the spacecraft and the plasma plume
are charged differently. The charged particles are accelerated back to the spacecraft and
can degrade the solar panels and the payload which often consists of sensitive optical

material.

Although PEGASES does not need a neutralizing cathode when operated with an elec-
tronegative gas, it needs one when used as a classical ion thruster operated with xenon.
In the beginning of the experiments a hot cathode described in Chap. has been
used. During the experiments it turned out that the cathode designed for higher cur-
rents around 5 A was not able to provide the required low current. So a heated filament
is used as a neutralizing electron source. The filament consists of a 0.38 mm in diameter
tungsten wire with a length of 20 cm. The wire is bent into a three loop spiral to take
up less space as shown in Fig. (a). The heating current of the filament is fixed to
11 A. This requires usually a voltage of around 12 V depending on the grid bias and the
gas flow rate in the source. The heating power supply is floating and its positive side is
connected to a power supply biased to —35 V. This results in the heating filament being
biased to —50 V on one side and —35V on the other end. This helps the electrons to
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Figure 2.21: (a) The heated filament to provide the neutralizing electrons and (b) the
electrical schematics of the heated filament.

escape. To close the electric loop the bias power supply is grounded as are the walls of
the vacuum chamber. The current emitted by the heated filament can be read on the
current meter of the bias power supply and is typically between 100 mA and 400 mA.
The electrical schematics are shown in Fig. (b). The electron current emitted by
the filament is clearly related to the ion current leaving the grid assembly. This point
will be discussed further in Chap. [6]

One disadvantage of the filament is illustrated in Fig[2.22] The filament emits not just
electrons but also tungsten atoms and a thin conducting layer is formed on the vacuum
chamber, the grids and even the inside of the PEGASES thruster. This coating can lead
to short circuits and arcing in the grids. To avoid this it would be advisable to use a
cathode within the required current range. A second disadvantage of the filament is the
relatively short lifetime. Over time the wire gets thinner as more and more tungsten

atoms are emitted. This ends in the wire melting at one point.

2.5 The EPIC Test Bench

The experiments conducted in this thesis have been carried out with the EPIC test bench
(acronym for Electric Propulsion Innovative Concepts). A 0.4 m in diameter and 0.75 m
long vacuum chamber which is evacuated with a 350 1/s in nitrogen turbomolecular pump

connected to a 65 m?/h primary pump this is the setup which has been used in Chap..
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Figure 2.22: BN-SiO, cavity coated with tungsten due to the hot filament neutralizer.

In the last version a 10001/s in nitrogen turbomolecular pump has been added to the
chamber for the experiments with the PEGASES thruster. The pump can be flushed

with nitrogen when operating with reactive gases like SFg.

The chamber has several optical windows, access ports and electrical feedthroughs. It
can be equipped with a variety of probes and linear motion stages. A pressure down
to 1075 mbar can be reached without any gas flow. The background pressure at a gas
flow rates of 20 sccm is typically 1072 mbar depending on the gas. Figure m shows a
schematic drawing of the setup in its final configuration. The gas flow can be regulated
by two Aera 7700 gas flow meter calibrated to 20 sccm SFg and 50 sccem argon. They

can be used with other gases by using a conversion factors provided in Appx. [A]

A picture of the EPIC test bench with the PEGASES thruster is shown in Fig [2.24]
The picture shows the chamber before the 1000 1/s turbomolecular pump and the power

supplies for the grid and neutralizing filament were added to the setup.
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Figure 2.23: Schematic drawing of the setup of the EPIC vacuum chamber with the
PEGASES thruster.

Figure 2.24: Picture of the EPIC test bench with the PEGASES thruster mounted and

running.
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3 Diagnostics

The diagnostics described in this chapter have been used to determine the plasma prop-
erties of the various RF discharges examined in this thesis. The probes have mainly
been designed and built at the ICARE laboratory. The design of the ExB probe has
been an essential part of this thesis and will be described separately in Chap. [4]

3.1 Planar Probe

A planar Faraday probe provides the possibility to measure the ion flux with a high
precision. A disadvantage of cylindrical probes, such as the Langmuir probe, is that the
collection area strongly depends on the sheath size. If the sheath size is in the region of
the diameter of the collecting wire a significant error can be introduced. A planar probe
can avoid this problem. A guard ring can be introduced to the probe to increase the
precision. This guard ring is around the probe and is biased to the same potential. This
allows to have a well defined collection area as displayed in Fig. 3.1} Ions arriving from
the side are collected by the guard ring and are not measured. The second advantage
is that collecting area of a planar probe is commonly larger than the diameter of a
Langmuir probe. This reduces the sheath to probe area ratio and therefore reduces the
error. The size of the probe also provides the possibility to collect low currents otherwise
not measurable. The size of the planar probe posses a disadvantage as the probe itself

can change the plasma locally by draining the charges.

Figure |3.2/ shows a 3D CAD drawing of one of the planar probes used within this thesis.
This probe has a 15 mm diameter collection area. This area is surrounded by a 10 mm
wide guard ring. Both the ring and the collector consist of graphite to reduce emission
secondary electrons which can change the measurement outcome. The graphite also
reduces the sputtering and helps the probe to withstand ion bombardment. The ring
and the collector are separated by a 1 mm gap and are mounted on a PEEK plate which

serves as isolator and support.
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Figure 3.1: A planar probe with a guard ring has a well defined collection area.

The guard ring and the collector are biased to —50 V to reject the electrons. The current
of the collector is measured and amplified with a factor ranging from 10 to 90 in steps
of ten by our bias source. It is then displayed and measured by an oscilloscope. The

voltage U, measured on the oscilloscope can then be converted to the probe current I,
by,

0.1A- U,
I —

= "% 3.1
p 5ng Y ( )

where z, is the gain factor.

Figure [3.3| shows a 55 mm planar probe with a guard ring in front of the PEGASES
thruster. The probe is of the same design as the smaller 15 mm probe. The measurement
circuit available has a current range from 20 pA to 20 mA. The increased collection area
of the probe allows for measurements in the far plume of the thruster where the plasma

density is lower than inside the cavity or very close to the grids.

3.2 Capacitive Probe

A capacitive probe has been used to determine the RF fluctuations of the potential inside
the plasma [22]. The knowledge of RF fluctuations is helpful to classify the character of
the discharge. A high level of fluctuation indicates a capacitive coupling of the RF power
to the plasma even though an inductive coil is used. The probe consists of a wire which is
inserted into a 1 cm in diameter copper cylinder and is insulated by a PEEK cylinder as
shown in Fig[3.4] There is no electrical contact between the wire and the cylinder. The
cylinder follows the plasma potential. The probe works like a capacitor, when the side
in the plasma gets charged negatively the wire inside the probe gets charged positively.

Therefore the probe measures the fluctuations in the plasma without draining electrical
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Figure 3.2: CAD drawing of the 15mm  Figure 3.3: Picture of the the 55 mm pla-
planar probe with a guard nar probe with a guard ring

ring. in front of the PEGASES
thruster. Also visible is the
hot wire filament that acts as
a neutralizer.

charges and has no direct current component. The probe is directly connected to the
50 ©2 input of an oscilloscope to acquire the potential waveform. A calibration of the
system with a frequency generator is necessary to obtain the real value of the fluctuation
amplitude at the measurement location. This calibration should be performed before
and after the experiment to ensure that the capacitance of the probe has not changed
during the experiment. As the PEEK is used close to its thermal limit, a deformation
of the insulating layer may occur during the experiments. This would change the factor
needed to calculate the plasma potential which has been obtained during the calibration.

Probe wire Insulating PEEK layer

L \

V.
/

Ceramic insulater

Copper head

Figure 3.4: Capacitive probe to measure the change in the plasma potential induced by
the RF field.

33



dVv

A%J \%:)

Figure 3.5: The distortion of a Langmuir probe trace due to averaging in an RF plasma.
The black and blue curve are the upper and lower limit of the RF fluctuations
and the red curve is the resulting average curve.
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3.3 Langmuir Probe

3.3.1 Introduction

The Langmuir probe is probably the simplest method to gain a large variety of infor-
mation over a plasma. A basic Langmuir probe consists simply of a wire which is stuck
into a plasma and collects current for a range of bias voltages. The design of the probe
however influences the plasma. A variety of theories exist to treat the resulting current
voltage characteristics obtained by the Langmuir probe measurements. It is not always
easy to find the theory which corresponds best with the conditions found in the plasma.
Chen gives a comprehensible overview over the different theory and in which case to use

them and also shows how to build a Langmuir probe [23].

A big challenge with Langmuir probe measurements in RF discharges is to overcome the
high-frequency fluctuation of the plasma potential which leads to a distortion of the I-V
probe curve. This effect is shown in Fig. [3.5] The blue and the black trace symbolizes
the upper and the lower limit of the RF fluctuations. The red curve is the average which
would be obtained without a compensated probe. To analyze this curve would lead to

wrong plasma parameters.

Therefore in Chap. [5|a passively-compensated Langmuir probe has been used to measure
the plasma parameters [24]. The probe was built after the design proposed by Chen [23].
The probe has been outfitted with two chokes in series of which the resonance frequency

is 13.56 MHz and 27,12 MHz, respectively. The frequency corresponds to the main
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Figure 3.6: (a) shows a sketch of the RF compensated Langmuir probe circuit and (b)
a photograph of the compensated Langmuir probe itself used to determine
electron parameters in the plasma discharge.

frequency and second harmonic frequency of the RF wave. The chokes isolate the probe
tip by blocking high-frequency currents, therefore ensuring the probe follows the sheath
potential fluctuations. Moreover, in order to ensure that the probe tip draws enough
current to fill the stray capacitances a coupling capacitor connected to an external metal
ring was added. This capacitor allows to collect a large amount of charges. The probe tip
is a 5 mm in length stainless steel wire with a 0.125 mm diameter. The tip is electrically
insulated from the plasma by an alumina cover. An electric scheme and a picture of
the probe is shown in Fig. [3.6l The voltage sweep and the resulting probe current

M

measurement were performed using the ALP System”™ manufactured by Impedans.

In Chap. [6] an uncompensated probe is used. The RF fluctuations in this case are
only in the order of a few volts as will be shown and do not change the measurements
significantly. The probes used in this chapter consist of 0.125 mm to 0.25 mm in diameter
tungsten or platinum wire. The probe length and diameter have been adjusted to the
plasma conditions in order to increase current above the detection limit if the control
unit. The platinum wire has been used when a reactive plasma was present. The
platinum wire is less sensitive to etching by flour atoms. This increases the lifetime of
the probe and ensures a well defined diameter of the probe tip which is important for

the calculation of the plasma parameters.
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3.3.2 Data Treatment

The acquisition of the data is done by the ALP System?™ manufactured by Impedans.
The automatic data treatment of the ALP System”™ in its early versions is not capable
to give a correct plasma potential. For that reason the post-treatment of the data is done
using the program of Pavel Kudrna from the Department of Electronics and Vacuum
Physics of the Charles University in Prague, Czech Republic. The plasma potential Vp,
the electron temperature 7, and the electron density n. are derived by assuming a
Maxwellian distribution and using the standard Langmuir theory. An overview over
the different theories, their advantages and disadvantages is given by Chen [23]. The
plasma potential, is obtained from the maximum of the first derivative of the probe
characteristic. The electron temperature is obtained from the slope of the logarithmic
function of the electron current in the transition region (between Vy and Vp). The plasma
density is calculated by using the Orbit Motion Limited (OML) model of Mott-Smith
and Langmuir [25]. This model predicts a parabolic I — V curve. Plotting the I* — V

curve then should show a straight line. This was in accordance with our measurements.

3.4 Emissive Probe

An emissive probe has the advantage of being barely sensitive to a magnetic field, con-
trary to a Langmuir probe. This makes it possible to determine the plasma potential
without knowing the exact values of the magnetic field at each measurement point. There
are different methods of obtaining the plasma potential with an emissive probe [26]. For
the measurements described in Chap. [5| the floating point with large emission method
has been chosen. This method allows the direct measurement of the plasma potential
with a volt meter once the heating current of the probe has been identified where the

emission and the collection of the electrons are balanced.

The tungsten filament of the emissive probe is heated with a DC power supply up to the
regime of electron emission. The floating potential of a sufficient emitting hot probe is
equal to the plasma potential. The electron current going to the probe is compensated
by the emission of electrons due to heating. Therefore the net current of the probe
is effectively zero and in theory there is no sheath forming around the probe [27]. A
measurement performed to obtain the plasma potential is displayed in Fig.[3.8 In reality

the sheath never vanishes completely and the probe voltage has to be corrected with
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the electron temperature in order to obtain a more accurate measurement of the plasma

potential.

The emitting part of the probe is made out of a 8 mm long loop of 150 um in diameter,
thoriated tungsten wire. The emissivity of thoriated tungsten is higher than that of pure
tungsten, this allows for a lower temperature of the filament and increases the limited
lifetime of the probe. The ends of the wire are mechanically crimped in copper wires. To
do this holes are drilled in the end of the copper wires. The smallest possible diameter
for the holes is still too large so the thoriated tungsten wire is inserted into small tubes.
After crimping the ensemble is then inserted into two parallel holes of a 100 mm long and
4 mm in diameter alumina tube. The method of construction for this probe is similar to
the method of Dannenmayer [28]. Figure (a) shows a picture of the emissive probe
with and without the alumina tube. The displayed probes have been used till the wire
broke. Figure (b) shows the emissive probe in a magnetically confined, inductively
coupled, RF argon discharge.

In principle an emissive probe can follow high-frequency fluctuations of the discharge.
However, due to the capacitive part of the electrical circuit, our probe is limited to
frequencies below 100 kHz. The probe has been employed to measure V,, and T, across

the large magnetic field region where the strip forms and develops.

The electron temperature can be estimated from the hot and cold probe potential. In
the cold case the potential is the floating one of an unheated probe. In argon at low

pressure, T, is given by [29]:

o Vhot - ‘/cold

Te
5.4

in eV. (3.2)

3.5 RPA

3.5.1 Introduction

The retarding potential analyzer (RPA), also known as retarding field energy analyzer
(RFEA), is used to measure the ion energy distribution function (IEDF) in a plasma. A
Langmuir probe can not easily provide information of the ion distribution function. At
a positive potential, when repelling ions, the Langmuir probe is drawing a high electron

current which hides the variations in the ion current. The RPA avoids this problem by
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Figure 3.7: (a) shows a picture of the emissive probe with and without its alumina double
bore tube (b) shows a photograph of the emissive probe inside a magnetically

confined inductively coupled argon plasma.
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Figure 3.8: Measurement performed with an emissive probe to obtain the plasma poten-
tial in an inductively coupled 300 W argon plasma.
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blocking the electrons with a negatively biased grid at the entrance of the probe [30,
p-94]. A grid inside the probe is biased from a slightly negative value to a positive value
where no more ions arrive at the collector. By measuring the collector current as a
function of the grid bias an calculating the derivative of this function the IEDF can be
obtained. A picture of the RPA used in this thesis is shown in Fig. 3.9

3.5.2 Measurement

There are different methods to construct a RPA. The probe used in this thesis consists of
4 grids an the bias scheme is shown in in Fig. [3.10] The space between the grids is 1 mm
each. The grids are made out of a mesh material with an inside width s,, of 0.38 mm.
The grid size has to be chosen accordingly to the Debye length of the plasma as a Debye
length smaller than Ap = s,,,/2 tends to enter the analyzer [3I]. The transparency of
the mesh material is 70%. Grid No. 4 is the grid separating the probe from the plasma.
This creates a sheath and prevents the residual plasma from entering the probe and gives
a reference to measure against. Grid No. 3 is biased negatively to repel the electrons
which might enter into the probe and only ions will pass this grid. Grid No. 2 is biased
grid and ramped from a slightly negative voltage to a potential where the ions are totally
deflected. Tons can pass this grid when it is biased with a low voltage and are measured
at the collector. With an increasing bias more ions are deflected until the point where
the potential of the grid is so high that no more current arrives at the collector. The
collector current as a function of the grid bias is shown in Fig. 3.11} Grid No. 1 is
located directly in front of the collector and is biased negatively to repel the secondary
electrons created from the impact of the ions. The collector is made out of molybdenum
to further reduce this effect. The derivative of the obtained trace is the IEDF and is

shown in Fig. [3.12]
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3.6 Conclusion

This described set of probe gives enables to analyze a broad range of plasma parameters.
The planar probe can be used to measure the ion flux and therefore get information of the
plasma density. The capacitive probe can be used to measurement the plasma potential.
With this information a differentiation between an capacitive and an inductive discharge
can be made. The Langmuir probe is the most classical plasma probe and many theories
exist to treat the data obtained from it. A special compensated probe for 13.56 MHz
RF plasmas is available to reduce the influence of the fluctuating plasma potential.
The Langmuir probe can measure the plasma and the floating potential as well as the
electron temperature and density. It is a versatile, well established probe which gives
a large amount off information about the plasma conditions. With modifications this
probe can measure these parameters in a capacitively coupled RF discharge. The RPA
makes it possible to measure the IEDF of a plasma which is especially useful in the

plume of electric thrusters.
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4 ExB Probe

4.1 Introduction

An ExB probe, also called a Wien filter, is an electromagnetic probe that works as a
band-pass filter for ions. It collects and measures ions arriving in a certain velocity range.
Ions arriving with a speed outside this range are deflected. Therefore the ExB probe is
a diagnostic tool which can be used to measure the velocity distribution function (VDF)
of ions in the plume of electric thrusters. ExB probes have been used in the plume of
ion thrusters [32] and Hall thrusters [33H38] as well as in negative ion sources for fusion
plasmas [39]. Figure shows a picture of the probe which has been constructed and
build for this thesis.

Electric thrusters usually contain multiply charged ions. In ion and Hall thrusters they
are accelerated through a potential drop. They acquire a velocity which is proportional
to the square root of their charge according to the energy conservation principle. If the
accelerating potential is known, the speed of the ions can be calculated with Eq[2.6|
Many studies have been conducted with retarding potential analyzers (RPAs) in the
plume of electric thrusters to obtain the energy distribution function [12] 13} 28] 311 35,
40]. The nature of the RPA, however, makes it impossible to obtain the charge state of
the ions. Due to the fact that multiply charged ions are accelerated to a different velocity
than singly charged ions, the ExB probe can distinguish between them although the
charge number is not included into the governing equation as we will see in the next
section. Several species of ions can be present in the plasma of ion thrusters, the cause of
this might be the use of a molecular propellant gases like SFg or leaks and contamination.
Ions of different mass are accelerated to a different velocity. They will therefore show up
on the characteristic measured by the ExB probe. In this case the ExB probe works

as a mass spectrometer.

As all ions, except the ions produced by charge exchange collisions between the grids,
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Figure 4.1: Picture of the ExB probe which has been constructed and used in this thesis.

in an ion thruster experience the same acceleration voltage, the ratio between the singly
and multiply charged ions can be calculated from the height or area of their respective
peak. It is not the case for Hall thrusters as the ions are produced at different positions
along the channel. The ions are accelerated with different potentials according to the
position of their creation which results in a widening of the ion velocity distribution [33].

This has to be taken into account when calculation the ratio between the ion species.

4.2 Principle

—

In an ExB probe an electric field (E) is applied orthogonal to a magnetic field (B). A
particle arriving orthogonal to both fields can only experience the fields undeflected at
a certain velocity (#). This effect is visualized in Fig. and described by the Lorenz

force,

—

F:q<E+6x§>. (4.1)

With the force set to zero to have an undisturbed trajectory, a straight line, this equation

43



Figure 4.2: Vectors of the velocity, the magnetic and the electric field in an ExB probe.
solves to,

E=—-0xB=BxT¥. (4.2)

With the electric field orthogonal to the magnetic field according to Fig. the equation

can be writen as,

E, 0
0 = | B, X , (4.3)
0 0 v,
and solved to:
E,
E,=B,-v, = v, = —, (4.4)
B,

where v, is the velocity where the charged particle can cross the magnetic and the electric
field without getting deflected.

To be able to scan a range of velocities either the magnetic or the electric field needs
to be varied. In this case it was decided to generate the magnetic field with SmCo
permanent magnets and vary the electric field which is created by applying opposing
bias voltages to two parallel plates inside the probe. With this, Eq. can be rewritten

as,

U
Bd’

UV, =

(4.5)
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Figure 4.3: Schematic drawing of the ExB probe.

where U, is the bias voltage of the probe and d is the distance between the electrodes.

Figure shows a schematic drawing of the ExB probe designed, built and used in
this work. An entrance collimator is used to filter out the ions which are not arriving
orthogonal to the magnetic and electric field, i.e. on the axis of the probe. An exit
collimator prevents the ions which have been deflected to reach the collector. The
current reaching the collector is typically in the region of nano amperes which makes it

necessary to use a precise instrument to measure it.

The measurements of the ExB probe can, in theory, be used to determine the ion
temperature, T;. For this to work the velocity distribution function has to be measured
with a high resolution. The ion temperature calculates as,

. TniO'2

T, = : 4.6
= (4.6

with the ion mass m; and the standard deviation o. In the case of the ExB probe the

standard deviation function can be calculated as,

T 0= 92 () dv
a—— . (4.7)

+foof (v) dv

This method will overestimate the ion temperature as the signal width in an ExB probe
is not only the result of the ion temperature but also a result of several other mechanisms.
The ExB probe is a band-filter and the bandwidth (resolution) depends strongly on the

entrance and exit collimator. Therefore apparatus function of the probe is not a Dirace
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delta function which would make it possible to measured the exact VDF profile. Instead
the measured profile is the convolution product between the actual apparatus profile
and the ion VDF in the probe direction. In order to estimate the error on the calculated

ion temperature a knowledge of the resolution of the probe is essential.

4.3 Numerical Simulations

A numerical model of the ExB probe has been built with the goals:

e to choose the probe dimensions and for a certain velocity range and accuracy.

to get an idea of the required magnetic and electric field strength.

e to minimize the probe dimensions and weight.

to determine the influence of the probe materials used in the construction of the

probe.

e to numerically model the ion trajectory through the probe and optimize the design

with the obtained results.

The numerical model of the ExB probe has been built in COMSOL. The model in-
cludes the electric and magnetic field generated by the magnets and the electrodes, as
well as the structure and materials of the probe. The computation is performed by using
MUMPS (MUltifrontal Massively Parrallel sparse direct Solver) coupled with a Geomet-
ric MultiGrid method (GMG). This method allows a faster convergence of the solution,
by using different mesh refinement along a V-cycle shape. Between the fine and coarse
mesh, Successive OverRelaxation (SOR) iterative methods are used as presmoother and
postsmoother. The size of the computational domain is 72 x 72 x 260 mm and the fine
mesh contains 190000 elements. The body size of the ExB probe used in the model
corresponds with the size of the real probe and is 58 x 58 x 180 mm and is displayed as
a wire model in Fig.

4.3.1 Magnetic Field

The topology of the magnetic field in the ExB probe is very important to the measure-
ment. The field has to have a strong gradient at the beginning of the test section and

has to be constant in magnitude and homogeneous in space inside the test section. This
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Figure 4.4: 3-D wire model of the simulated ExB probe in COMSOL.

is important because if the magnetic field is not perpendicular to the electric field or
if the ratio of the field strengths between the two field changes, the ions crossing the
test section of the probe get deflected instead of arriving at the collector. Numerous
numerical simulations have been performed to increase the quality of the magnetic field.
A 3-D plot of the calculated magnetic field is shown in Fig. [4.5]

Figure shows a comparison of the profil of the measured and the simulated magnetic
field along the symmetrical x-axis of the probe. The supplier of the permanent magnets
was only able to provide a range for the magnetic field strength. The absolute value has
been measured in the final position of the magnets within the probe and has been used to
correct the value in the simulations. Therefore the valuable information in Fig. [4.6|is the
shape of the magnetic field, where the measurements correspond with the simulations.
A small dip can be seen in the measured values in the middle of the graph. This is due
to the short length of the Gaussmeter probe tip which deforms when inserting the probe
tip far into the ExB probe. As the Gaussmeter probe was not long enough to measure
across the whole ExB probe the values have been acquired by inserting the Gaussmeter

probe from both sides into the ExB probe.

The body of the probe is made out of ferritic stainless steel which conducts magnetic
flux. Since the probe is used in plasmas with reactive gases such as SFg and oxygen,
stainless steel is used to avoid corrosion. This posses a problem as stainless steel is
commonly non magnetic and ferritic stainless steel is hard to obtain. The body of the
probe is used to shield the magnetic field. This increases the strength of the field and

makes it more uniform which is important for the use in an ExB probe. The effect of
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along the symmetrical x-axis of the probe.

48



0.15 —
0.1 \
ZL

y

(b)

Figure 4.7: Numerical simulations of the magnetic field inside the ExB probe (a) without
and (b) with a ferritic shield.

the ferritic cage is displayed in Fig. [1.6] The magnetic field is less strong without the
ferritic probe body using the same magnet configuration. The field is also non uniform
inside the filter zone between the magnets and shows bumps at the beginning and the
end of the probe. This would make a precise measurement with the ExB probe difficult
if not impossible. The effect of the confinement of the magnetic field in the yz-plane is
shown in Fig. 1.7

4.3.2 Electric Field

The electric field is created by biasing the two electrodes inside the probe. The strength
can easily be calculated by diving the potential difference between the electrodes by
the distance. Two different bias schemes exist to bias the electrodes. We talk of a
symmetrical bias when one electrode is biased positively and the other electrode is biased
negatively with the same value provided by two power supplies. The second possibility
is that one electrode is grounded and the other one is biased. This requires only one

power supply.

Symmetrical Bias

The simulations for the symmetric bias of the probe in Fig. show that the electric
field calculated with the electrode bias voltage divided by the distance of the electrodes
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Figure 4.8: The figure shows a comparison of the theoretical value of the electric field
and the simulated electric field along the symmetrical x-axis of the probe in
the case of the symmetrical and asymmetrical bias.

is roughly 2 % higher than the electric field given by the simulations. The source of
the disagreement is unknown and might lie in the code for the numerical simulations.
The shape of the electric field along the x-axis is similar to the shape of the magnetic
field. This is important as the charged particles can get deflected at the beginning and
at the end of the filter zone if the ratio between the electric field and the magnetic
field is not similar to the one inside the filter. The numerical simulations of electric
field presented in Fig. show that the field is as expected symmetric with respect to
the zero potential of the surrounding probe body and that an ion can pass the probe

undeflected at a certain velocity.

Asymmetrical Bias

The asymmetrical bias has the advantage that only one power supply is necessary as the
second electrode is grounded. However it can be seen in Fig. that the a strong field
is generated between the grounded probe body and the biased electrode. The simulated
ion with the same speed as in the case of the symmetrical bias gets now deflected. The
simulations reveal that the velocity band in which the ions can pass shifts and can not be
estimated anymore with Eq. Figure [4.8| shows the generated electric field along the
x-axis for both, symmetrical and asymmetrical, bias. The electric field strength between

the electrodes does not change. A clear difference can be observed in the beginning and
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Figure 4.9: Symetrical bias: The path of a singly charged xenon through the ExB probe
is shown in (a) and the the electric field in the yz-plane is shown in (b).

at the end of the test section. This is due to the fact that the electric field is stronger
between the grounded probe body and the biased electrode. The distance between the
biased electrode and the probe body is closer as between the two electrodes. This leads
to a deformation in the electric field topology and should be avoided in order to get

conclusive results with the ExB probe.

4.3.3 lon Trajectory Simulations

Simulations have been conducted to trace the particles through the ExB probe with an

entrance collimator of 43 mm length and a hole diameter of 1.5 mm plus a exit collimator
of 3.6 mm, see Ch. [4.4.1}]

To start out an acceleration voltage of 300 V has been assumed. This results for singly
charged xenon at ideal acceleration in the grids in a speed of 21 km/s. With the distance
of 16 mm between the electrodes and an averaged measured magnetic field of 1656 G a
theoretical potential difference of 55.64 V can be calculated. With this potential differ-
ence applied to our model particles with a velocity between 21080 m/s and 22340 m/s
pass the ExB probe. This is probably due to effects in the beginning and the end of the
test section. In these two regions the gradient of the electric field does not correspond
to the gradient of the magnetic field and the particles are slightly deflected. This means
at a electrode bias voltage of 55.64 V, particles with an average velocity of 21710 m/s
(averaged from the velocity range) getting undeflected through the probe. Using Eq. ,
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Figure 4.10: Asymmetrical bias: The path of a singly charged xenon through the ExB
probe is shown in (a) and the the electric field in the yz-plane is shown in

(b).

a theoretical magnetic field strength of 1602 G can be calculated to obtain the correct
velocity of the ions. Alternatively the value of 390.19 m/s can be used to convert the
probe bias voltage to the speed of the ions which leads to the same result. For these
conditions particles which arrive straight on axis can pass the probe within a range of
21710 £ 710 m/s.

The simulations also show that, in this configuration, particles arriving on the xy-
plane can only pass if they have an angle smaller than 4+1° within the speed range
of 21710 £ 710 m/s. For the xz-plane the particles are not behaving symmetrically and
the minimum and the maximum velocity with which the particles pass at a electrode bias
voltage of 55.64 V are given in Tab. [£.1] The table shows that particles with different
velocities can pass the ExB prob and that it is advisable to decrease the entrance and
exit collimator to the smallest size where a decent signal can be obtained. Although the
error induced in this cases seems huge on has to keep in mind that the current for ions
entering the probe at a higher angle is weak. The signal strength of the ions entering
the probe in dependance of their angle can be approximated, in two dimensions, by

calculating the area of two intercepting circles:

d d
A = 2r* arccos <2_r) - 5\/47“2 — d?, (4.8)

where A is the area of the overlapping circle, r the radius of the circles and d the
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Angle (°) Upnin (/) Umaz (M/8)  Av (m/s)

-2 23700 25600 1900
-1 22350 23600 1250
0 21080 22340 1420
1 20250 21300 1050
2 all particles spiral away

Table 4.1: Particles passing through the ExB probe with an angular component in the
xz-plane for a velocity of 21710 m/s resulting in a bias of 55.64 V.

distance between the centers of the circles. The two intercepting circles represent the
projection of the entrance collimator tube when viewed under an angle. The results for
this calculation are displayed in Fig. where the sine function is considered linear at
these low angles. It can be seen that the current is low for the extreme angles where the
velocity of the ions which can pass the probe undeflected diverts strongly from the base
velocity (at an angle of 0°). Therefore the only ions arriving on axis are considered to
calculate the probe resolution which is 6.5 % of the measured ion velocity for the used

configuration.

The particle trace simulations can be performed for several conditions but are time
consuming as in the current model only one particle can be traced and it has to be
verified by eye if the particle arrives at the collector. Therefore simulations have been
performed for only one condition to get an idea of the resolution of the probe and the

different broadening effects of the signal.

The importance of choosing a magnetic field strength is shown in Fig. [£.12] The ion is
deflected at the entrance of the test section even though in theory the particle should
pass. This is a result of a too strong magnetic field. The ion Larmor radius described
in Eq. becomes to small and the ion trajectory inside the probe gets curved and the
particle does not arrive at the collector. One has to consider the desired velocity range
which was in our case stretches from 10000 m /s to 60000 m/s and chose the magnetic field
and the electrode bias range accordingly. The probe use ended up having a theoretical
range of up to 110 km/s due to the bias range of the electrodes. The simulations show
that particles traveling faster than 70 km /s show an erratic behavior and do not arrive
at the collector even though they are in the theoretical measurement range. This is
probably due to difference in the gradient of the electric and the magnetic field in the
beginning and the end of the probe. This behavior could not be verified as a source

providing ions at that speed was not available.
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Figure 4.11: The scheme in (a) displays the current which can be approximated as the
area of two intercepting circles. Graph (b) shows the current (area) which
passes through the entrance collimator at a certain angle.

Table shows the calculated theoretical speed for different ion species and gases at
several acceleration biases using Eq.[2.6] neglecting plasma potential and potential losses.
The table shows some typical acceleration voltages for ion and Hall thruster for which
the probe is intended. The speed of the ions lies mainly within the range of the ExB
probe built and used in this thesis.

Simulations of the electron trajectory through the probe have been performed. For this
an electron with the electron temperature T, of 5eV is assumed to enter the probe on

axis. Using the root mean square of the total thermal velocity:

kT,
Ve = 4/ ’ : (4.9)
Me

the electron is calculated to have a thermal speed v, of 6743 m/s. A simulation of the

electron path with these parameters is displayed in Fig.[4.13| It can be seen that even the

Ion Acc. 300V (m/s) Acc. 500V (m/s) Acc. 1000V (m/s)

Xe™ 20999 27109 38338
Xe?* 29697 38338 54219
Xe3t 36371 46955 66404
Art 38068 49146 69503
Krt 26284 33932 47989
SF¢ 19909 25703 36349

Ft 55202 71266 100785

Table 4.2: Velocity of different ions for different acceleration biases.
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Figure 4.12: Simulation with a strong magnetic field of 3000 G on axis; The particle is
deflected.

weak magnetic field present at the entrance collimator is enough to deflect the electron
and force it into a spiral trajectory. Even if the electron could enter the test section,

the electron Larmor under these conditions is 0.24 pum, calculated using Eq. and the

electron would end up in a circular motion.

Figure 4.13: Simulation of an electron entering the collimator of the ExB probe with a
thermal velocity of 5eV.
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Figure 4.14: Cross-section view of the CAD model of the ExB probe along the y-axis.

4.4 Probe System

4.4.1 Construction of the Probe

To construct the probe preliminary calculations and numerical simulations of the probe
architecture have been performed. The test section is 150 mm long and has a 11 mm in
diameter hole in the middle to pass the ions. This length has been chosen to allow the
ions without the proper speed to be deflected. As magnets in the length of the test section
might break easily, instead of two, four SmCo magnets with sizes of 75 x 34 X 7 mm are
used to create the magnetic field. The magnets are strong and have to be handled with
care to avoid injuries and damage of the magnets them self. To avoid movement and
to allow for a risk free assembly the magnets are put into U-shaped rails as shown in
Fig. A 1 mm thick Teflon layer is placed in front of the magnets to avoid contact
with the electrodes and a short circuit. The distance between the electrodes is fixed with
two PEEK spacer which have a whole in the middle to pass the ions. The electrodes
with the spacer and another Teflon isolation layer can be inserted into the space between
the magnets, as shown in Fig. 4.15 and fixed with screws which are also used for the
electrical connection of the electrodes. The ferritic body of the probe consists of six
parts and is assembled around the test section. The space between the test section and
the probe body is purposely kept narrow to concentrate the magnetic field as much as

possible and keep the size and weight of the probe small.

The collector consist of a cone inside a tube made out of graphite, as shown in Fig. [4.16]
The design aims to reduce the influence secondary electron emission due to sputtering.

The collector is electrically isolated from the surrounding tube by a Teflon holder. The
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Figure 4.15: Insertion of the electrodes Figure 4.16: The collector of the ExB

with their holder and Teflon probe consisting of a graphite
isolator into the block con- cone in a tube to reduce the
taining the magnets. influence of secondary elec-

tron emission.

exit collimator tube and collector assembly is roughly 150 mm long so that a differential
pumping can be added at a later moment. This might be necessary to achieve a better
signal to noise ratio. As a constant stream of ions arrives and the neutral atoms inside
the probe have no means to escape except through the entrance collimator, the pressure
can build up inside the probe. This can lead to increased collisions between ions and

neutral atoms with possible changes in the measurement outcomes.

Collimator

The entrance collimator of the ExB probe in the experiments consist of a 43 mm long
glass tube with a hole diameter of 1.5 mm as can be seen in Fig. [£.17] Glass has been
chosen as a collimator material as it is easy to work with and tubes of the desired
size were readily available. Other materials as ceramics or graphite might also serve as
collimator materials. The hole size and length of the glass tube can easily be changed

to increase or decrease the resolution of the probe according to the measured plasma.

The exit collimator consists of a plate with a 3.6 mm hole in it to pass the ions. Several

plates with different hole sizes are available and can be exchanged to adjust the resolution
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Figure 4.17: Cut through the CAD model of the ExB probe along the x-axis.

and signal strength of the probe. The exit collimator plate is hold in place by several
screws which allow to move the hole several millimeters in yz-direction. It is important
for the probe to work, that the front and exit collimator are perfectly aligned. To ensure
this a laser can be shone through the entrance collimator. The exit collimator plate is
then moved into the position where the laser beam can pass. While doing measurements,
the surrounding plasma can enter the probe behind the exit collimator plate due to the
nature of the adjustment mechanism. This leads to a shift in the measurement if the

gap is not closed.

The entrance collimator tube as well as the exit collimator is exchangeable and the
signal strength and resolution of the probe can be adjusted. The acceptance angle a of
the ExB probe depends on the entrance collimator tube and is displayed in Fig.
The red lines display the highest angles at which the ions can arrive and still pass the
entrance collimator tube which is displayed in blue. The acceptance angle o can be

calculated as,

de
a = 2arctan T (4.10)

where d, is the hole diameter and [. is the length of the entrance collimator tube. The
entrance collimator used in the experiments presented in this thesis has an acceptance

angle of 4°.

The length of the entrance collimator strongly influences the acceptance angle of the
probe. It can be increased to filter out ions which arrive at a higher angle compared
to the ExB probe. This can be used to acquire the divergence angle of the plume of

an electric thruster by measuring the angular dependency of the ion current. Although
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Figure 4.18: Acceptance angle of the ExB probe based on the dimensions of the entrance
collimator tube (in blue).

also connected to the acceptance angle, the diameter of the entrance collimator allows
to control the signal strength of the ExB probe as the aperture area increases to the
power of two with the diameter. If a high angular resolution is required with a high

signal strength a long entrance collimator with a large diameter can be chosen.

The material of the entrance collimator might play an important role in the function of
the ExB probe. First measurements have been performed with an insulating ceramic
tube. The obtained results where unsatisfying but the origin of the problems could
not be determined. After changing several parameters including the material of the
entrance collimator to a glass tube the quality of the results improved. Charging as well
as secondary emission could explain the observed effect. A metal tube could be used as

an entrance collimator like in a mass spectrometer to avoid these effects.

The exit collimator has a strong influence on the resolution of the probe. It determines
if a particle only lightly deflected by the field can arrive at the collector. The signal
strength can easily be increased by choosing a larger diameter for the exit collimator

but it comes directly at the cost of resolution.

It is important to keep in mind that all three parameters, the entrance collimator length
and diameter and the exit collimator diameter are dependent on each other. A good

combination of these parameters has to be found to get good results.

The collector and the electrodes are internally connected to SMA connectors (SubMinia-
ture version A) which are mounted to the body of the probe. With this widely spread
standard connector type the ExB probe can easily be installed in a variety of vacuum

chambers.
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4.4.2 Control Unit and Data Acquisition

The ExB probe system uses a National Instrument USB-6211 data acquisition card to
to control and measure a custom build amplifier with two channels which is used to bias
the electrodes. The maximum voltage on each channel is 150 V adding up to a total
potential difference of 300 V. Both channels can be controlled independently to obtain

asymmetrically biased electrodes.

The ion current accumulated by the collector is measured with a Keithley 6485 Picoam-
meter. It has a range from 20 fA to 20 mA with a resolution of 10 fA. The up to 1000
readings per second allow for an averaging of the measurements without losing to much
time. Special low noise BNC cables should be used with the picoammeter to improve
the measurement. While performing measurements in an inductively coupled RF plasma
a 100 times higher noise has been observed in comparison to measurements performed

within a Hall thruster plume due to the potential fluctuation induced by the RF.

A Labview program has been written to automate the piloting and acquisition of data
from the probe. A schematic drawing of the whole system is given in Fig. f.19) The
program allows to adjust the iteration number, the averaging at each point, bias voltage
step size and scan range. Most of the measurements presented in Ch. [6] have been per-
formed with a step size of 0.4 V an averaging of 10 values over a range from 0V to 200 V
without iterations. This adds up to 500 measurement steps and takes arround 15 min.
The long measurement time is due to the fact that each readout of the picoammeter
is already internally averaged and that the Labview program is not written for high

frequency data acquisition.

The post-acquisition data treatment is done in Origin 7.5. The files are imported and
the measured currents averaged as the Labview program only provides the single mea-
surements. This reduces the noise drastically in the obtained trace. The bias voltage is

then converted to the corresponding ion velocity.

4.5 Measurements

4.5.1 Influence of Polarization

The influence of the polarization has been verified in a xenon Hall thruster with a dis-

charge voltage of 250 V. The two measurements methods, symmetrical and asymmetrical
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Figure 4.19: Schematic drawing of the ExB probe system with the piloting and data
acquisition controled by a Labview program.

bias, are compared to each other in Fig. [£.20] As mentioned before the asymmetric bias
of the electrodes changes the electric field in the beginning and at the end of the filter
section but does not change the field strength between the magnets and the electrodes.
This causes the ions which can pass with a symmetrical bias to be deflected with an
asymmetrical bias. If the strength of the electric field is lowered the ions can pass the
filter section. The conversion between the voltage bias and the ion velocity is made as-
suming a symmetrical electric and magnetic field and causes a shift in the peaks which
leads to an overestimation in the ion velocity. Figure 4.20] also reveals that the width of
the peak increases when using the asymmetric bias. This leads to the assumption that

a loss in resolution occurs when using this method.

4.5.2 Measurements in a Hall Thruster

The plume of a Hall thruster is quite different from the one of an ion thruster. The ions
are generated in the ring shaped channel of the thruster and are accelerated outward by
an electric field. The divergence angle of a Hall thruster is higher than the one of ion
thrusters. This leads to ions arriving at a wider angular distribution. This means the
alignment of the probe is very important and has a strong influence on the outcome of
the measurement. Figure[4.21]shows a measurement with the ExB probe in the far field
plume of the PPI Hall thruster (Petit Propulseur Innovant). A low power, permanent
magnet, xenon Hall thruster with a discharge voltage of 250 V [41]. The probe is aligned
parallel to the symmetrical x-axis of the thruster to point into the ring shaped channel

where the ions are created. The figure shows the biggest peak which corresponds to the
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Figure 4.20: Difference between the symmetrical bias and the asymmetrical bias of the
ExB probe. The measurements were performed in the far field plume of a
Hall thruster with a discharge voltage of 250 V.

Xe' ions and two smaller peaks for Xe?t and Xe3* ions. The average speed of the Xe™
ions is 16888 m/s which corresponds to an acceleration voltage of 194 V. The peaks are
separated from the main peak by a factor of roughly v/2 and /3 as expected. The figure
shows a peak before the main Xe™ peak. A peak like this has been observed in most
of the measurements of the ExB probe with Hall thrusters and in some measurements
with ion thrusters. The cause for this peak is currently unknown. It is likely that this
phenomenon is connected to the probe design and function. This penomenon has also

been observed by other teams and will be topic of future investigations [42].

4.5.3 Measurements in an lon Thruster

A measurement of the ExB probe in the PEGASES thruster is presented in Fig. [4.22]
In this case the PEGASES thruster was operated in xenon with a grid bias of 288 V.
The plasma potential in the ICP discharge is around 20 V in these conditions. It adds
to the acceleration potential. The dashed lines mark the expected speed of the ions
calculated for an acceleration bias of 308 V. The presented values are averaged 10 times

as mentioned before and reveal multiple peaks when zoomed in. Considering all the
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Figure 4.21: Measurements with the ExB probe of the ion velocity in a Hall thruster
with a discharge voltage of 250 V.

involved elements which can be present in the plasma due to contamination and leaks
and calculating their expected speed, it is likely that Xe?*, Xe3*, OF, NI, H,OF, O
and O3" are present in the plasma and are accelerated. This indicates a leak in the

plasma chamber or in the feed line of the gas.

It can be seen that the speed of the ions seem to be higher than value expected from the
bias voltage. This effect is not visible in the simulations. The measured ion velocities are
given in Tab. [£.3] The theoretical acceleration bias has been calculated with Eq. [2.6] It
has to be considered that the plasma potential is not linear along the axis of the thruster.
The ion species with a higher charge number might be accelerated with a different plasma
potential as they are created further downstream in the source. However it is unlikely to
have a 12V lower plasma potential close to the source than close to the grids. This leads
to the conclusion that the values of the electric and magnetic field which have been used
to calculated the speed with the probe correspond not with the real values. Therefore
a calibration of the probe with a source where the ion speed is well known is necessary
to obtain better values. Figure demonstrates the necessity of a calibration. Three
different conversion factors have been used to calculate the ion velocity and compare
them to the expected velocities of the ion species calculated with a bias voltage of 308 V.

The conversion factor of 390 m/s has been obtained from the numerical simulations, the

63



T T T T
9
2.0x10 " b\ 500 T T . . . . T -
< -9 . 11 ]
< 1.5x10°- - oo §
=
() R 5
ot Xe* Xe' 0, N, H,0 0.0}
: +
(z 10X10'°_ 0x10""7 b ]
£
o
=~ -
[a W Ne—
10 0.0 — — — — — — — ,
5.0x10 " 3.0x10° 3.5x10" 4.0x10“¥sx10" 5.0x10" 5.5x10' 6.0x10° 6.5x10°
. |
0.0 . . !

M T T I ' 1 1 1
1x10* 2x10* 3x10* 4x10°* 5x10* 6x10°* 7x10*

Ion Velocity, m/s

Figure 4.22: Measurement with the ExB probe in the PEGASES thruster at 288 V bias
in xenon.

factor 379 m/s is the factor obtained using the averaged measured magnetic field and
the electric field calculated with the bias of the electrodes and the factor 363 m/s is one
who has been obtained by optically comparing the expected velocities with obtained
trace. As the exact accelerating potential is unknown these factors have an uncertainty.
The factor obtained through the simulations seems to give unsatisfactory results. The
factor obtained by optically comparing the trace with the expected peaks corresponds
mostly with the higher peaks but leads to a possible underestimation of the Xe™ ions.
The factor of unit 379m/s is used in the rest of this work as it the most reliable factor

so far until a calibration can be made.

Ion  Ion velocity (m/s) Theo. accel. bias (V)

Xe™ 21997 329
Xe?t 31524 338
Xe3t 38822 341

Table 4.3: Measured peak velocity of the ions with a 288 V acceleration between the
grids and their theoretical acceleration bias.
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4.6 Conclusion

The ExB probe is a versatile tool in plasma physics which can be used to measure
the velocity of ions. If the acceleration potential is fixed and known the velocity of the
ions depends on their charge and their mass. Through this, it is possible to distinguish
between singly and multiply charged ions and calculate the ratio between them. A trace
of the ExB probe also shows the different ions species and can help to identify them.
In this case the ExB probe works as a mass spectrometer and reveals the elements and
molecules present in the plasma. It remains to be demonstrated if the ion temperature

can be measured with an ExB probe with a high resolution.
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5 Investigation of the Strip Structure

5.1 Introduction

A magnetic barrier is a crucial element for the generation of negative ions in low-pressure
plasma sources running with electronegative gases. Such magnetized sources find tech-
nological applications in various fields like material processing for etching of microcir-
cuits [43], controlled nuclear fusion for neutral beam injection [44] and space propulsion
with the innovative PEGASES thruster concept [45]. The magnetic field is used to
trap electrons and to subsequently cool them down owing to collision events with heavy
particles. A low electron temperature leads to a higher electron attachment rate, thus
enhancing the production of negative ions [I5-H17]. The PEGASES thruster concept is
one example of negative ion sources that rely on a transverse magnetic field to cool down
and filter out electrons in such a way that an electron-free plasma, also called ion-ion

plasma, is obtained. More information about the PEGASES thruster can be found in
Ch. 24

While studying different magnetic field configurations for the PEGASES thruster trap
using a capacitively-coupled RF discharge, we have observed the formation of a station-
ary two-dimensional pattern in the region of high magnetic field strength, as can be
seen in Fig. [5.1] The luminous structure was called a “strip” according to its peculiar
shape [46-48]. The strip was always present whatever the operating parameters and
gas nature, making us believe it originates in intrinsic properties of a magnetized RF

discharge.
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Figure 5.1: Side view of the strip-like structure in a RF discharge created in argon, SF,
and oxygen (20 sccm, 500 G magnetic field and 250 W input power).

5.2 Experimental Arrangement

5.2.1 RF Discharge

Figure |5.2| shows the three different quartz tubes that have been used during the ex-
periments. The tubes have been altered during the experiment in order to vary the
conditions. The tube (a) has been used in the beginning of the experiment and the
coil is wrapped three times around the tube. The strip has first been observed in this
tube. The tube (b) has been constructed to side inject gas in the zone of the strongest
magnetic field. In the case of a electronegative gas this can be used to increase the
negative ion production [I5HI7]. Tube (b) has been used to obtain the pictures shown in
Fig. 5.1} The final layout for the experiments is tube (c). This form has been chosen to
closer resemble the second PEGASES prototype with a flat coil at the back and provides
the possibility to insert a Far aday shield. The flat coil provides the advantage that a
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potential difference between the beginning and the end of the coil does not induce a
potential difference along the x-axis of the tube due to the RF. Although the plasma

potential in the tube and the grounded chamber lead to a potential difference.

The latest plasma source used to investigate the plasma strip formation and properties
is outlined in Fig.[5.4] This source has been used to do the majority of the experiments.
A three-turn planar spiral coil is operated at 13.56 MHz. The coil is located at the end
of a 5 cm in diameter and 20 cm in length quartz tube (shown in Fig. (c)) with a
flat end to transmit the power into the gas. The tube offers a visual access to the whole
plasma discharge. This is essential to optically verifying the presence of the strip and
its position . A grounded Faraday shield shown in Fig[5.5] built according to the design
by Mahoney to prevent azimuthal RF current to circulate, can be placed in between the
coil and the discharge tube [49]. The shield has to be grounded to close the circuit for
the capacitive current which does not pass through the plasma and is collected by the
shield. Without the shield, the RF power is capacitively coupled to the plasma. When
the shield is introduced, the discharge runs in inductive mode. The spacing between the
coil and the plasma is more important with the Faraday shield as the skin depth of an
inductive discharge is small. The Faraday shield and the coil have to be placed as close
as possible to the plasma without creating a short circuit between the Faraday shield

and coil.

The gas is injected through a feed line which is mounted on the side of the discharge
tube. The amount of gas deposited in the discharge can be regulated by a flow controller.

Two flow controllers are used so it is possible to mix two gases together.

Figure [5.3| shows the setup of the strip experiment mounted on the epic test bench. The
Faraday shield is inserted between the spiral coil and the discharge tube to block the
capacitive part of the discharge. The magnetic field confines the plasma to the end of the
tube. The coil which is wrapped around the tube has been used for another experiment
an was not in use at the point where the picture was taken. The L-type RF matchbox
can be seen in the background and is connected to the RF coil via big copper wire to

lower the resistance of the line.

Two RF power supplies were available for these studies. A RF generator operating at a
fixed frequency of 13.56 MHz was able to deliver power between 5 W and 1000 W. The
RF frequency 13.56 MHz is an open frequency and widely used in industrial applications.
This results in the equipment like the amplifier being cheaper. A variable frequency

amplifier was used to produce RF power with a maximum output of 200 W. The amplifier
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Figure 5.2: The three different quartz tubes that have been used during the experiments.

was driven by a sine wave function generator. The influence of the RF frequency on the
strip has been verified with the variable amplifier. The rest of the experiments have been
performed at 13.56 MHz. This was necessary as the Langmuir probe has to be adapted

to each frequencies and chokes with the same resonance frequency have to be found.

To minimize the reflected RF power, a L-type matchbox was placed in between the coil
and the power supply. As mentioned in Chap. the L-type matching circuit has
the disadvantage that one side of the coil is always grounded and the resulting potential
difference is not symmetrical. The fraction of reflected power after matching the circuit
was typically below 15 %. This is important as the reflected power can damage the
components of the RF circuit and especially the RF amplifier or the RF generator. As
the RF wattmeter in the RF amplifier was not reliable a Bird 43 wattmeter has been

used to observe and measure the forward and the reflected RF power.

A magnetic field perpendicular to the direction of the plasma flow was created by placing
several stacks of permanent neodymium magnets on either sides of the discharge tube.

Magnets made from neodymium are the strongest commercially available magnets at the
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Figure 5.3: The picture shows the EPIC test bench with the strip experiment mounted.

gas
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Figure 5.4: Layout of the RF discharge assembly
for experiments with a magnetic bar-
rier (B goes into the page at the cross).
This magnetic configuration corresponds

to the picture in Fig.
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moment. This allows for the creation of strong magnetic fields without using too much
space. The magnets used in the experiments are 15 x 15 x 3 mm and have a magnetic
remanence of 13200 G to 13700 G. The magnets are usually stacked in piles of 20. A
schematic drawing of the configuration of the magnetic trap and the field it generates
is shown in Fig [5.6f The placement of the magnets creates a magnetic field which is
mostly parallel to the z-axis inside the discharge tube. Figure shows a magnetic field
configuration with a maximum of 200 G. Measurements and simulations of the axial
distribution of the field show that it is Gaussian with a full width at half maximum
(FWHM) between 3 cm and 7 cm. The field strength is changed by varying the number
of magnets, the number of stacks or the gap between the stacks and the tube. The
maximum field intensity that has been used in the experiments is 1200 G in the center

of the tube. In experiments corresponding to Fig. the magnetic south pole was placed
behind the tube.
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5.3 Plasma Characteristics with the Strip

5.3.1 Capacitive Discharge

As mentioned before, the strip structure with its S-type shape has been observed, when
a magnetic field is added, over a broad range of parameters with the discharge operated
in capacitive mode, i.e. without the Faraday screen [47]. The first observation was made
in SFg, a strongly electronegative gas used for the PEGASES prototype [45]. Since the
strip is also observed when running the RF discharge with Ar, Xe, He, Oy and N, see
Fig. It can be concluded that the strip formation is not connected with the nature
(atomic versus molecular), mass and electronegativity of the gas. The gas flow rate has
been varied between 1 and 120 sccm in Ar, thus varying the pressure between 10~% mbar
and 107! mbar. The change in the pressure does not have an observable influence on the
strip formation. The frequency has been tuned from 10 MHz to 60 MHz. This was the
range which was achievable with our combination of the matchbox and the RF power
amplifier at the time. With the acquisition of a RF generator at the fixed frequency of
13.56 MHz a variation of the transmitted power between 10 W and 600 W was possible.
The RF generator is able to supply a power of up to 1000 W but at 600 W the coil started
glowing red and the thermal load was so high that a further increase of the power was
not possible. Modifying the discharge parameters did not influence the formation of the

strip although the strip was brighter at higher power.

When a transverse magnetic field is added to the RF discharge, whatever its magnitude
between 50 G and 1200 G, a luminous strip forms. At low field strength, only electrons
are magnetized. At large strength, ions and electrons can be considered magnetized as
the ion Larmor radius becomes significantly smaller than the geometric properties of
the discharge tube. A small increment in the inclination of the strip was observed while
increasing the strength of the magnetic field. The inflection point of the strip along
the tube axis is always slightly downstream the maximum of the field. The direction of
the strip changes when the direction of the magnetic field is reversed. According to the
drawing in Fig. [5.4] the strip is oriented upwards, respectively downward, when B goes

into the page, respectively comes out of the page.
The Larmor radius, r, also otherwise known as the gyroradius can be calculated as

muv
= 5.1
Tg |q| Y ( )
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Figure 5.8: Ton Larmor radius for several singly charged ions calculated for the thermal
velocity at 300 K.

where m is the mass of the particle, v, is the velocity component which is perpendicular
to the magnetic field B and ¢ is the charge of the particle. The ion Larmor radius for
several singly charged ions with a thermal velocity of 300 K is shown inf Fig. [5.8] It can
be seen that only for strong magnetic fields the ion Larmor radius becomes significantly
smaller than the geometric properties of the discharge tube. That means the strip
properties are governed by the electrons as they are always magnetized. For example

the electron Larmor radius in a 500 G field for an electron at 5 eV is 0.18 mm.

Measurements of the electron properties were carried out with a compensated Langmuir
probe (described in Chap. at the exit of the discharge tube with argon as the working
gas, see Fig. 5.9, For this measurement the probe was placed on a linear displacement
stage in order to measure the electron temperature (7;) and the electron density (n.)
along the y-axis of the tube. In the case of the magnetic field the probe moves into the
luminous region of the strip. In the figure the strip ends on the positive radial position
side. Without a magnetic field, there is no visible structure in the plasma. The radial
distribution of the electron density and the electron temperature is symmetrical about
the tube axis as expected. When a transverse magnetic field is added, radial profiles
are no longer symmetrical. The electron density is much higher in the region where
the strip exits the tube. In like manner the electron temperature is larger inside the
strip. The thickness of the strip can be deduced from the radial profile of the electron
temperature. It is around 1 c¢m, in agreement with visual inspection. Note that Figl5.9]
reveals the efficient cooling of an electron fluid across a magnetic barrier. The electron

temperature in the region outside the strip is significantly lower than in the case without

74



2.0x10" T T T T T T T T T 7

n [
®—w/0 magnetic field / ®—w/0 magnetic field /
15x10" =—B =500 G /' > 6F —m—B=500G [
@ .5x107 4
7 (]
g /. S _0-070"0-g-0-0-¢ ¢ 0-%0-0_q_
= § 5t e /'/. .
g ) . }) 5 RN
5 10x10 u- E g
=] - E 41
g _m-n" = [
5] u-" -u-m 5 /
9 5 -7 __9-0-0-0-0-
oD 5.0x10° i " 0-07070-0-0-0-, L ‘::) ot
o oS, o o Sl T R g
-
0.0 T T T T T T T T T 2 T T T T T T T T T
-25 200 -15 -10 -5 0 5 100 15 20 25 =25 20 -15 -10 -5 0 5 10 15 20 25

y-axis, mm y-axis, mm

(a) (b)

Figure 5.9: Graph (a) shows the distribution of the plasma density and (b) the electron
temperature along the y-axis at the tube outlet with magnetic field and strip
formation and without magnetic field (Argon, 150 W).

the magnetic field whilst having roughly the same electron density. This is the desired

effect of the magnetic barrier.

The ion current was also measured inside and outside the strip with the RF discharge
operated with argon. Two 8 mm planar probes were placed on either sides of the dis-
charge tube in such a way one probe sees the strip while the other one sees the plasma
bulk. In Fig. an upward (in flow direction) strip is displayed. The results are
displayed in Tab. [5.1} The ion current is larger by a factor of about 3 inside the strip.
When reversing the direction of the magnetic field, the strip horizontally flips but the

ion current inside the filament stays unchanged.

vacuum 88| piral
chamber RF antenna
- \
probe |
probe 2

Figure 5.10: Setup of the measurements of the ion current in and outside the strip mea-
sured with two planar probes.
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Upward strip (A) Downward strip (A)

Top probe 1.91 x 107 8.48 x 107°
Bottom probe 7.7 x 1075 2 x 1074

Table 5.1: Ton current in and outside the strip measured with two planar probes for the
two strip directions (Argon, 150 W).

5.3.2 Inductive Discharge

A way of reducing the capacitive coupling of the RF power is to place a grounded
Faraday shield in between the coil and the plasma, see Fig. [22]. The shield localizes
the electrostatic field between the coil without disturbing the induced electromagnetic
field that drives the plasma. Note that the plasma does no ignite itself anymore when
the shield is used, a clear proof of a good inductive coupling as it is usually the capacitive
part of the discharge that ignites the plasma. It is necessary to ignite the plasma without
the Faraday shield. After the plasma is stable and matched the Faraday shield can be
insert slowly as not to extinguish the plasma. While inserting the shield the impedance
of the network changes and has to be accounted for in the matchbox. Special care has

to be taken to avoid a short circuit between the coil and the grounded Faraday shield.

A capacitive probe was used to measure the RF potential fluctuations with and without
the shield in an argon plasma with and without a 500 G magnetic field [22]. This
measurement is displayed in Fig. [5.11] Inserting a shield has a great influence on the
oscillation of the potential in the plasma. For instance at 4 cm downstream of the
strongest magnetic field the peak-to-peak voltage amplitude drops from 190 V without,
to 45V with a shield in the case of the magnetic barrier. The lower fluctuation level
indicates that in this case the power coupling has changed from a capacitive mode to an
inductive mode. The graph also shows, that the magnetic field limits the fluctuation in
the plasma potential. In both cases with the magnetic barrier the fluctuations are lower

than in their corresponding counterpart without the magnetic field.

When placing the magnets around the discharge tube in capacitive mode, a strip was
formed whatever the operating conditions. Figure illustrates the difference observed
by the naked eyes between a capacitive and an inductive discharge. With the Faraday
shield in inductive mode the strong luminous strip disappears. The plasma is confined
to the region close to the coil and can not be observed anymore behind the magnetic

barrier.

Measurements have also been carried out with an emissive probe along the axis of the
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Figure 5.11: Measurements of the peak to peak potential fluctuation with the capacitive
probe in a 20 scem argon discharge at 41073 mbar 4 cm downstream of the
strongest magnetic field.

Figure 5.12: Picture of the RF plasma discharge with 20 sccm argon, 300 W input power,
at a background pressure around 107® mbar and 500 G magnetic field (a)
without and (b) with a Faraday shield. The magnetic field points towards
the reader.
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discharge tube for the four possible operating conditions, namely: with and without
the magnetic field and with and without a Faraday screen. As previously mentioned,
the emissive probe can give conclusive measurements of the plasma potential and the
electron temperature within and across a magnetic field. Results of the measurements
are presented in Fig. [5.13] The x-axis position 0 mm refers to the tube outlet where
the tube ends into the vacuum chamber. The peak of the magnetic field distribution is
located at 80 mm. The plasma potential development along the x-axis is displayed in
Fig. [5.13[ (a). The plasma potential is here assumed to correspond to the potential of
the hot emitting probe [50]. The heating current was fixed to 4.3 A where the emission
of electrons due to the heating in the probe is in balance with the electrons collected

from the surrounding plasma.

The plasma potential is lower in inductive mode (with the Faraday shield). Without
the magnetic field and the Faraday shield, the plasma potential decreases when moving
away from the region wherein energy is deposited, i.e. the back section of the tube on
the right side of the graph where the RF coil is located. With the magnetic barrier and
the Faraday shield, the plasma potential is lower along the whole length of the tube
and it seems not to undergo any significant change of the axial coordinate. The most
interesting profile is however obtained in capacitive regime without the Faraday shield
in the case of the strip. The plasma potential starts out low and then jumps suddenly
when the probes goes throughout the strong magnetic field region, i.e. when the probe
crosses the strip, see Fig. and [5.4 When the probe moves outside the strip, the
plasma potential drops but is still higher than the potential at the source. This might

be due to the probe still being close to the strip even on axis.

The electron temperature T, was also inferred from the emissive probe data. The electron
temperature can be calculated from the hot and cold probe potential. In the later case

the potential is the floating one. The electron temperature is then calculated using
Eq. 32}

In Fig.|5.13| (b), the cooling of the electron fluid due to the magnetic barrier is visible for
the two discharge regimes. The rapid increase in the electron temperature is a signature
for the existence of the strip in capacitive mode. As previously explained, the strip is a
region of large electron temperature. In the case of the strip (blue curve) the electron
temperature is divided in three regions. The first region close to the source on the
right side has an electron temperature of around 8 — 9 eV. This is where the plasma is

initially generated. The electron temperature is higher than in all the other cases as the
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Figure 5.13: (a) Plasma potential and (b) electron temperature distribution along the
discharge tube x-axis for 4 operating conditions. The position 0 mm refers
to the tube exit. The dashed line indicates the magnetic field peak.

plasma is confined to that region. When the probe moves to the left and starts entering
the strip the electron temperature increases. This strengthens the assumption that the
strip consists of hot electrons. Moving out of that region the electron temperature drops
below its original value. It seems that the electrons are effectively cooled down by the
magnetic barrier. This was the original idea of the magnetic field. The rest of the
measurements in Fig|5.13| (b) behave like expected. In the case of no magnetic field and
no shield the discharge is dominated by a capacitive coupling as previously mentioned.
This leads to an elevated temperature compared to the discharges where a Faraday
shield is present and this component is eliminated. For the two cases with the Faraday
shield the electron temperature starts out low at around 2 eV compared to the other
cases. A slight difference can only be observed downstream of the magnetic field where
the electron temperature seems to be lower in the case of the shield and the magnetic

barrier. This is probably due to the cooling effect of the magnetic field.

5.4 Origin of the Strip

One way to understand the mechanism at the origin of the strip formation is to consider
the equation of motion for the electron fluid in a magnetized plasma [51), p. 147]. For
simplicity we do not take ions into account. Let us assume steady state so that the

convective derivative terms can be removed. Besides, the pressure p,. is also assumed to
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Figure 5.14: Visualization of the ExB drift.

be isotropic. The electron fluid equation of motion then reduces to:

ene(E + v, x B) + Vp, = 0, (5.2)

where e is the elementary charge. Taking the cross-product of Eq. with B/B? and
rearranging the terms, one obtains an expression for the electron drift velocity across
the magnetic field. The drift velocity can be divided into two components: the ExB
drift vgxg and the diamagnetic drift vg,. They read:

ExB Vpe X B

VExB — T and Vdia = W. (53)

The electron drift current can then be written as:
Je = —ene(Vexs + Vdia)- (5.4)

A reasonable approximation in the case of our magnetized RF discharge is to consider
the three vectors E, B and Vp. have only one component, namely: FE,, B, and %

according to the coordinate system in Fig. [5.4] Therefore the electron current becomes:

Ope
Jey = enegx + gz . (5.5)

This equation indicates the drift current is transverse to both the E and the B field.
Figure |5.14] visualizes the ExB part of the drift motion. This is in agreement with the
strip direction in Fig. [5.1] as well as in Fig. [5.12}

The direction of the drift can be visualized with the help of the right hand rule shown
in Fig [5.15] Due to the plasma potential and the grounded chamber the electric field
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points in the direction of the flow. The magnetic field shown in the picture points out of
the plane. The ExB drift gives us an upward drift motion. Equation states that the
current direction for electrons is opposing the drift direction this results in the electrons
being forced to the bottom of the tube. As the ions in this case are not fully magnetized,
they can cross the magnetic barrier without experiening a strong deflection and are
driven by the pressure gradient due to the gas injection at the back. An ambipolar field
of course exists to maintain the quasi neutrality of the whole plasma. As a consequence

the ion density is stronger in the strip in agreement with the measurements presented
in Fig. 5.9 and Tab. 5.1}

The strip therefore originates in the transverse drift of the electron fluid that is inter-
cepted by the dielectric walls of the discharge tube. In other words the drift does not
form a closed loop in this situation, contrary to what is realized in e.g. Hall thrusters [52].
This picture is supported by recent computer simulations carried out by Hagelaar and
Oudini [53]. An interesting part of their works is the modeling and simulation of the
low-pressure RF ITER negative ion source. With its magnetic filter, this source has
a configuration similar to our inductive RF discharge. Numerical outcomes indicate
the electron flux creates a strip-like structure in the high magnetic field region because
the electron drift is confined by the chamber walls. Ton transport is included into the
model. However, as ions are weakly magnetized in comparison with electrons, they do

not contribute significantly to the formation of the strip.

The strip, with its typical S shape, therefore appears to be a general phenomenon that
occurs in RF discharges with a transverse magnetic field for which the geometrical
configuration does no permit the electron drift to close up. The strip is especially visible
for a capacitively coupled RF discharge because of the existence of a strong electric field.
In that case the appearance of the strip is mainly due to the electron ExB drift, wherein
the electric field results from the capacitive coupling between the high-voltage part of
the coil and the grounded walls of the vacuum chamber. In inductive mode, the electric

field is linked to the ambipolar diffusion and pressure effects dominate [53].

5.5 Conclusion

In low-pressure discharges, the strip structure corresponds to an open drift of magnetized
electrons that interacts with the reactor walls. In capacitive mode, the strip lights-up

due to collisions between the hot electrons and the gas particles. Light is emitted when
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Figure 5.15: Visualization of the strip with ExB drift and the right hand rule.

atoms deexcite. Electrons are not hot enough in inductive mode to create a large amount
of visible radiations. The origin of the hot electrons, however, remains an open question.
They could be heated locally in the strip but the mechanism at work has to be identified.
Or they are just hot electrons from the upstream region crossing the magnetic barrier.
Although it is always present, the strip intensity depends upon the discharge features in
terms of field strength and gradients. The strip is of course a path for electrons, as well as
energy, to escape the magnetic barrier. Moreover, the interaction between the strip and
walls creates losses. As a consequence, the strip not only leads to an inhomogeneous and
asymmetrical plasma, which can affect ion extraction and acceleration processes, but it
also reduces the efficiency of the source, e.g. in terms of negative ion yield, since the

magnetic confinement becomes less efficient.

The strip in an inductively coupled plasma source is weak or non existent. Most likely
the plasma is homogenous in the region where the ions are extracted and where the
grids are placed in a thruster. The consequence for the PEGASES thruster is that the
strip is only weak in certain conditions and can be avoided by carefully choosing the
discharge conditions. The latest measurements performed in the PEGASES thruster
with a magnetic field without grids in a xenon plasma have revealed an asymmetrical
structure similar to the strip in a low density plasma under certain conditions. This

however has to be further investigated.
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6 PEGASES Thruster

6.1 PEGASES in Classical Mode with Xe

The PEGASES thruster is not only a source to create a strongly negative ion plasma
or even an ion-ion plasma, it can also be used as a classical ion thruster. This means
that a plasma is created and only the positive ions are extracted and accelerated making
it necessary to neutralize the plasma behind the acceleration stage like in other ion
thrusters. The performances of the PEGASES thruster have been investigated mainly

in xenon in order to compare the obtained results with other ion thrusters.

6.1.1 Power transfer efficiency

The power transfer efficiency (PTE) shows how much of the power put into the system

actually ends up in the plasma. It can be calculated as,

Py

— 6.1
Ptr’ ( )

77 _=
where P, is the power provided by the power supply and P; is the discharge power into
the plasma. P, can be calculated by measuring the power Py and the coil current Izss0
of the coil-matchbox system when the plasma is turned off and then measuring these

values when the plasma is ignited (P,Igys). Therefore P, reads

12
Py=P, — POIQR—MS. (6.2)
RMS0
Figure [6.1] shows the PTE for Xenon for different thruster operating conditions. For
higher flow rates the power deposition into the thruster is more efficient as the electron-
neutral collision frequency becomes larger [54]. The PTE increases with the flow rate.

For 150 scem an PTE of 87 % can be reached. Most of the following experiments have
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Figure 6.1: The power transfer efficiency  Figure 6.2: The power transfer efficiency
for the PEGASES thruster in for the PEGASES thruster in

xXenom. argon.

been done at lower flow rates of around 5sccm where the PTE decreases to around
67 %. The PTE values for argon are displayed in Fig. for comparisons. It can be
seen that the efficiency is lower in argon due to the higher ionization energy of argon
atoms. Argon has an ionization energy of 1520.6 kJ/mol compared to an ionization
energy of 1170.4 kJ/mol for xenon. The matchbox and coil sy<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>