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ABSTRACT

Partially-magnetized plasmas with magnetized electrons and weakly-magnetized ions in
crossed electric and magnetic fields are common in the nature and industrial devices, such
as magnetrons, MHD generators, electric propulsion (ion/Hall thrusters, helicon thrusters),
and Penning discharges. Such plasmas are usually in a strongly non-equilibrium state, ex-
hibiting a variety of turbulent fluctuations. These fluctuations are responsible for anomalous
transport phenomena and large-scale plasma structures. This study investigates one of the
most known and pervasive examples: rotating spokes and breathing modes in Hall thrusters.
Breathing mode is an m = 0 mode (here m is the azimuthal mode number), propagating in
the axial direction and leading to strong oscillations of the discharge current, up to 100 % in
amplitude. Spoke is an m = 1;2;::: mode rotating in an azimuthal direction and is thought
to be responsible for a large part of the anomalous current in a system. These large-scale
perturbations can critically aledt the performance of Hall thrusters, but the exact nature of
these modes is unknown. Both types of oscillations are believed to be induced and strongly
aledted by the equilibrium electron current due to E B drift, plasma density gradients,
and ionization. This thesis is devoted to theoretical and experimental studies of spoke and
breathing mode mechanisms, their coupling, and methods of their control.

We have performed the theoretical study of the gradient-drift (collisionless Simon-Hoh)
instability. This is a robust instability considered to be important for Hall plasma discharges
supported by the electron current due to the E B drift. Most of the previous studies of this
mode were based on the local approximation. Here, we consider the nonlocal model which
takes into account the electron inertia as well as the e[edts of the plasma profiles, such as
the electric, magnetic fields and plasma density. Contrary to local models, nonlocal analysis
predicts multiple unstable modes, existing in the regions where local instability criteria is not
satisfied. This is especially pronounced for the long wavelength modes which are believed to

lead to spokes.



Despite the long history of theoretical and experimental studies of breathing mode, the
exact physical mechanism and conditions for the mode occurrence are not well understood.
Therefore, new diagnostic methods are important, in order to provide better insights on
physical processes during breathing oscillations. For this purpose, the time-resolved laser-
induced fluorescence (LIF) diagnostic was developed and implemented for studying the e [edt
of breathing modes on the ion velocity distribution function (IVDF) in the cylindrical Hall
thruster (CHT). These intrinsic breathing oscillations were locked into the externally driven
anode voltage modulations. It was shown that the commonly used LIF diagnostic of xenon
IVDF can have large uncertainties when used in the regimes with significant oscillations of
plasma parameters. Thus, these e [edts should be taken into account for proper experimental
data interpretation.

We have studied the e [edt of the external modulations on the breathing mode, and linear
and nonlinear regimes of the thruster response were identified. This manifest itself in the
discharge and ion current measurements in the CHT during the external modulations. These
measurements revealed that their amplitudes and root-mean-square (RMS) values increase
with the magnitude of the modulation. The latter leads to an increase of the current utiliza-
tion and the propellant utilization e Lciehcies, and total increase of the thruster e [ciehcy
up to 20%. The 1D fluid model of the intrinsic axial modes was developed to study the
role of various e[edts: competition of the neutral and ion species depletion, the role of the
self-consistent resistive axial current instabilities with el[edt of the electron diludion. The
experimental results were partially confirmed with these simulations performed in BOUT++
framework.

The final part of this thesis investigates the e [edt of the modulated breathing oscillations
on azimuthally rotating spoke. This was done by means of a high speed camera, which
recorded plasma emission intensity changes in the thruster channel during the external mod-
ulations of the breathing mode. This signal was processed with image analysis techniques;
during this analysis spoke and breathing modes were identified. By varying the amplitude
and frequency of the modulation, the suppression of the spoke mode was achieved. This

shows that there exists an interaction between these two modes.
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Chapter 1

Introduction

1.1 Problem statement

Plasmas with low degrees of ionization, magnetized electrons and weakly-magnetized ions,
in crossed magnetic and electric elds (Hall plasmas) are usually in non-equilibrium state
with complex nonlinear behavior. Practical applications of such plasmas include: advanced
beam-plasma systems for material processing [4], magnetron sputter deposition sources [5, 6],
space plasma propulsion devices (Hall thrusters [7, 8], helicon thrusters [9, 10], etc.), and
MHD generators. Despite the commercial success of some of these devices and long history
of their applications, the unknown mechanism for large-scale oscillations and the nature of
the anomalous current (when electron current across the magnetic eld lines is much larger
than predicted by classical [11] or Bohm [12, 13] di usion) appears to be a key obstacle
for future progress in these applied areas, especially when scaling of device parameters is
required. The formation of large-scale coherent plasma structures is very common and can
critically a ect the performance, e ciency, and life-time of these devices. On a fundamental
level, this requires a better understanding of turbulence and transport in these plasmas which
are very di erent from typically studied cases of highly-ionized and fully-magnetized plasmas
such as that in magnetic fusion or basic plasma science experiments in linear devices. For
Hall thrusters, the most prominent coherent modes are breathing and spoke.

Breathing mode is an axially propagating mode withm = 0 (m is the azimuthal mode
number) and has typical characteristic frequency of about tens of kilohertz. These modes
manifest themselves in oscillations of the discharge (and ion) current, and their appearance
is usually associated with plasma instability of the ionization region in the thruster channel.

Spoke mode is an azimuthally propagating mode witm = 1; 2; :::, with a typical frequency



up to 100 kHz. Physical phenomena responsible for the spoke mode are largely unknown.
Neither, the exact mechanisms leading to the formation of the breathing mode is well un-
derstood. Studying these modes requires an integrated approach that includes theoretical
consideration and experimental investigation. The goal of the theoretical research is to de-
velop the understanding of physical mechanisms responsible for the instabilities, formation
of coherent structures and anomalous transport in partially-ionize€ B plasmas. Theo-
retical ndings should be con rmed by experimental studies, which require development and
application of advanced diagnostics. While full understanding of these phenomena is not
yet achieved, methods to control large-scale coherent structures should be investigated and

developed so negative e ects from these structures can be minimized.

1.2 Research objectives and results

While the scope of the general problem is very broad, the objectives of this work include
several narrower topics related to plasma with crossed electric and magnetic elds, and its
application for space propulsion, namely Hall thrusters. Hall thruster is a device, where
thrust is created by electrostatic acceleration of ions, while electrons are con ned with the
magnetic eld. The magnetic eld almost does not a ect ion trajectories. Although Hall
thrusters have been developed since the 1960s in Russia [14] and in the USA [15], and have
been used for a number of successful missions [16], the understanding of fundamental plasma
physics in such devices is still not complete. For instance, mechanisms responsible for various
oscillations over a wide frequency range, and their e ect on the thruster performance and
life-time are not fully known. Breathing and spoke oscillations are the most prominent ones,
and have the biggest impact on thruster operation.

The theoretical part of this thesis was devoted to the study of the instability mechanism,
which appears in plasmas with stationaryE B ows and density gradients, which is a
typical situation for all devices with Hall plasmas. This gradient-drift instability mechanism,
namely Simon-Hoh [17, 18], is believed to be responsible for large-scale structure formation
[ ]. Previous works on this instability inE B plasmas were done with the framework
of local theory. In this thesis, the nonlocal model for the global instabilities in plasmas

with inhomogeneous pro les of plasma density, temperature, electric and magnetic elds



was developed. The nonlocal consideration allows for an investigation of the global e ect of
pro les on instabilities, and determine the global stability criteria. Results of this research
can be used for better interpretation of the nonlinear simulations, and an understanding of

physical mechanisms. The theoretical study included the following elements:

" a nonlocal model for the collisionless Simon-Hoh instability was derived;

" MATLAB based spectral code was developed to solve this model numerically;

" the role of density, magnetic and electric eld pro les on the eigenmode structure and
their frequency and growth rate in typical Hall plasma experiments conditions [22, 23]

was investigated.

The experimental e orts in this thesis had two main goals: development of the advanced
diagnostic to study the large-scale coherent oscillations i B plasma; and to explore
methods of control and suppression of coherent plasma structures in these plasma systems
by active control of discharge parameters, such as anode potential.

Advanced diagnostic ofE B plasma is required for developing and validation of nu-
merical tools to simulate the physical processes observed experimentally. One of the most
important characteristic of the ion ow in the Hall thruster is the ion velocity distribution
function (IVDF). It can help to develop an understanding of plasma kinetic processes, and
can be directly compared to the results of Particle-in-Cell (PIC) simulations. In this research,
the Time-Resolved Laser-Induced Fluorescence diagnostic (TR-LIF) was developed and im-
plemented to study breathing mode and evolution of the IVDF during the discharge current
oscillations, and an investigation of the e ect of strong oscillations of plasma parameters
(density, temperature, potential) on TR-LIF signal was conducted. In these experiments,
intrinsic breathing mode oscillations were locked into the externally driven anode voltage

modulations. This project included the following stages:

A

Time-averaged LIF diagnostic setup and data acquisition system (DAQ) was modi ed

in order to collect the time-resolved signal. This required optics realignment, control
of a phase shift between laser pulses and anode modulations, as well as modi cations
in software.

TR-LIF signals were obtained in various operation regimes.

The external modulations of the anode potential were applied at di erent frequencies
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and amplitudes, and IVDFs were collected.

During these experiments two phenomena were found. First, two types of thruster response
on the external modulations were identi ed, depending on the amplitude of the modulation:
linear (amplitude <10% of DC anode voltage level) and nonlinear (amplitude >10% of DC
anode voltage level). Second, the collapse of the LIF signal in nonlinear regime was observed.
In order to explain the collapse of the LIF signal

" emissive probes, an electric circuit and a data acquisition system were made;

" a study of plasma parameters oscillations with the emissive probes was conducted at

di erent external modulations of anode potential.

Active control of plasma oscillations can potentially mitigate the detrimental e ects of large-
scale modes and a ect the performance and lifetime of plasma devices [24]. Therefore, in-
vestigation of di erent thruster responses on various external modulations gave the start to
the new project. The aim of this project was to study the e ect of the breathing mode
ampli cation on the discharge and the ion currents, and on the thruster performance. In
order to verify our experimental ndings, the 1D uid model of breathing oscillations was
developed and simulations with BOUT++ framework were performed. The following studies

were done:

A

The discharge and the ion currents as a function of the external modulation amplitude
and frequency were measured.

The propellant and current utilizations were calculated and the change in the thruster
e ciency was estimated.

The uid model, which describes breathing oscillations, was developed. This is a time-
dependent, 1D model with three species: neutrals, singly charged ions, and electrons.
Before time-dependent simulations, the stationary solutions were obtained, and ana-
lyzed. These stationary solutions were used as initial conditions in BOUT++ simula-
tions.

The experimental results were compared with model predictions.

As described before, the proposed mechanism for the spoke formation is related to the axial
gradients of plasma density and the axial electric eld. Breathing mode is responsible for

modi cation of these gradients, potentially a ecting the condition for Simon-Hoh instability,
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and appearance of the spoke mode. Little work has been done so far to study the interaction
between these modes. In our experiments, an active control of the breathing mode with
various thruster responses was attempted and the coupling to spoke modes was discovered

by the fast imaging diagnostic. These experiments had the following elements:

" The experiments with di erent modulation amplitudes and frequencies in linear and
nonlinear thruster regimes were conducted, and the corresponding signals with a fast
frame camera were recorded.

" The image processing algorithm, which is based on techniques from Ref. [25, 26], was
developed.

" Recorded signals were analyzed with the developed algorithm realized in MATLAB.
In summary, results of the research projects in this thesis can be represented as follows:

"~ Linear, nonlocal model for slab and cylindrical geometry for gradient-drift modes (colli-
sionless Simon-Hoh instability) was developed and used to study the global structure of
unstable modes in Hall plasma with inhomogeneous pro les of plasma density, electric
and magnetic elds. The eigenvalue problem was solved numerically by using spectral
methods.

Time-resolved LIF diagnostic setup was built and implemented for the CHT. Measure-
ments of IVDFs were conducted with various amplitudes of the external modulations.
The collapse of the IVDF was observed in the nonlinear (amplitude of the external
modulation >10% of the DC anode voltage level) regime.

The collapse of IVDF was explained with oscillations of the electron temperature. It
was shown that the minimum value of the oscillating electron temperature can be
below the level needed for ions excitation. At the same time, it can still be su cient to
produce ground-state ions. Therefore, the total ion density is su cient for the thruster
operation, but the density of metastable ions is below the LIF detection limit. This
result shows the limitations of the conventional LIF technique for measurements of
IVDF, particularly for xenon ions, in plasmas with signi cant oscillations of plasma
parameters (e.g., electron temperature, ion density).

Experiments with the external modulations revealed two types of the thruster responses:

linear and non-linear. In the linear regime the discharge current amplitude grows
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proportionally to the modulation amplitude. In the non-linear regime, the discharge
current amplitude depends non-linearly on the modulation amplitude.

Measurements of the discharge and ion currents during modulations showed that the
root-mean square value of these quantities increases with the amplitude of modulation,
and has resonance nature. Maximum response occurs at the modulation frequency,
close to the intrinsic natural breathing mode frequency 13kHz, when thruster works

in linear regime. When thruster operates in non-linear stage, the maximum is shifted
towards the lower frequencies, 10 kHz.

It was demonstrated that the RMS value of the ion current is ampli ed stronger than
the RMS value of the discharge current resulting in an increase of the current utilization
(of about 5%) and the propellant utilization e ciencies (of about 40%). The thruster

e ciency, de ned as a product of the current and propellant utilization coe cients,
shows an increase of about 20%.

The image processing technique was developed and tested, breathing and spoke mode
in Hall thruster were identi ed.

It was found that the azimuthally rotating spoke mode can be suppressed by the exter-
nal modulation of the anode potential at frequencies around natural breathing mode
and nonlinear thruster response. This result shows that there is an interaction between

the azimuthal and axial modes.

1.3 Thesis outline

This thesis is organized as follows. Propulsion basics and introduction to electric propulsion
are presented in Chapter 2. This includes: an overview of the general principles of propulsion;
basic ideas behind the electric propulsion, its benets and limitations; a short review of
electric propulsion history and future trends; challenges and problems for the development of
e cient propulsion devices. Descriptions of Hall thruster and its principle of operation are
given. Devices with similar physics, such as Penning discharge and magnetrons, are brie y
described. The latter illustrates that the studies of low-temperate plasmas iE B elds
have a wide range of applications outside the space propulsion eld. Finally, a description of

the most common oscillations in such plasmas is provided.

6



Chapter 3 is devoted to the description of the experimental facility and diagnostics which
were used in this research. General descriptions of Small Hall Thruster Facility (SHTF), LIF
setup, and electrical scheme for anode potential modulation are given. An introduction to
LIF diagnostic is made. The method of determining the electron temperature from emissive
probes is described.

An investigation of a nonlocal model for Simon-Hoh instability is presented in Chapter
4. Several cases were considered and presented to show the di erence between predictions
of local and nonlocal models. The results of the eigenvalue problem for complex pro les of
the magnetic eld, electric eld, and density relevant to Hall thruster experiment [27] have
been studied as well. This chapter is based on a previously published paper [28]. Author's
contribution to this work included: writing the code for the eigenvalue problem, analyzing
various cases presented in the manuscript, and writing the rst draft of the manuscript.

Chapter 5 presents the investigation of the LIF signal collapse. Measurements of plasma
parameters are presented and a discussion of possible causes for the collapse are given. The
proposed explanation is related to a strong dependence of xenon ion metastable excitation
cross-section on the electron temperature oscillations. This poses an important question
about limitations of the commonly used LIF technique in systems with strong oscillation
of plasma parameters, such as electron temperature and plasma density. This chapter is
based on the previously published paper [29]. Author's contribution to this work included:
designing the experiment and diagnostics, performing the experiments, analyzing obtained
experimental data, and writing the rst draft of the manuscript.

Chapter 6 is devoted to the analysis of the stationary pro les obtained from the devel-
oped uid model. The method used to nd such pro les is presented and several cases are
considered.

Chapter 7 describes the results of the discharge and ion current measurements at various
modulations of the anode potential. The experimental results of linear and non-linear types of
the thruster response to modulations are presented. The e ect of those modulations in terms
of the current and propellant utilization is studied. It is shown that the total increase of the
thruster e ciency can be up to  20%. The results of the 1D uid simulations, which show

a good agreement with the experimental data, are given. This chapter is based on another



previously published paper [30]. Author's contribution to this work included: designing
the experiment, performing the experiments, writing the simulation code and conducting
simulations, analyzing obtained experimental data and comparing it with simulations results,
and writing the rst draft of the paper.

Chapter 8 discusses experiments with the modulated breathing oscillations and their e ect
on the spoke mode. Image processing from a high-speed camera is described. It is shown that
modulation of the breathing mode at the resonance frequency can suppress spoke mode. This
chapter is based on the paper submitted to Plasma Physics Reports. Author's contribution to
this work included: setting up the fast camera diagnostics, performing experiments, designing
the algorithms and codes for data processing, analyzing obtained experimental data, and
writing the rst draft of the paper.

Chapter 9 provides a summary and discusses some implications and future work.



Chapter 2
Principles of electric propulsion and Hall

thrusters

At the current stage of space exploration, there exist a variety of space missions which
require more advanced methods of propulsion rather than conventional chemical schemes.
Over the years, electric propulsion (EP) has advanced as a main tool for deep space missions,
orbit corrections, and station keeping. One of the main advantages is the propellant mass
savings that EP can o er. The reduction of the required propellant mass makes a spacecraft
smaller and increases the payload and mission lifetime. Another advantage of the EP is a
higher speci c impulse compared to chemical rockets. This allows a spacecraft to accelerate
to higher velocities making deep space missions possible, even though acceleration time is
longer due to smaller thrust. This chapter contains background information about propulsion
basics, speci c features of EP, and principles of the operation of Hall thrusters (HT). Detailed
reviews on these topics can be found in Ref. [16,31,32].

A de nition of plasma and plasma in Hall thrusters is given. A short overview of relevant
devices with plasmas inE B elds is done. Typical plasma parameters and the most

important oscillation modes in such plasmas are introduced.

2.1 Principles of propulsion

Rocket propulsion is based on the conservation of momentum; the rocket engine changes
the momentum of a spacecraft by changing the momentum of the ejected mass (reaction

mass). This reaction mass (or propellant) is accelerated by some kind of engine. Due to



the conservation of momentum, the spacecraft gains a velocity in the opposite direction.
There are other exotic types of rocket engines such as solar sails [33] or Bussard ramjet [34];
however, at the current level of technological development, they have not been used in any
real mission.

Typically, the propellant is stored on board the spacecraft and then ejected in order to
create an acceleration. Therefore, during the rocket engine operation, the spacecraft mass

changes. The main equation, which describes the motion of a system with changing mass,

can be derived from Newton's second law [35, 36]
dm dv
Fext + Vexd—tp = Fex ¥+ MpVex = M E; (2.1)

whereM = mg + m, is the total mass of the spacecraft including the delivered massy
and the propellant massm,, m, is the propellant mass ow rate,v¢y is the constant exhaust
velocity, and F¢, is external forces (e.g. gravity). By neglecting all external forces, and

projecting all vectors on the direction ofv, the solution to Eq. 2.1 is
Mg+ m
V= Vegln —0——P (2.2)
Mg

where v is the change in velocity of the spacecraft. The latter equation is called the
Tsiolkovsky rocket equation [35], or just the rocket equation. From this equation one can see
that high nal velocity can be achieved by either an increase ofyx or by expulsion of a large

amount of propellant. This equation can be modi ed in terms of mass ratio
My

Mg + Mp

From this formula it is clear that if a payload mass fraction is large, the exhaust velocity

= e Ve (2.3)

Vex Should be comparable with the required v. Each space mission has its own value ofv,
and it is a fundamental characteristic of the mission. A list of v for most common missions

can be found in Table 2.1 (data taken from Ref. [37,38]).

Table 2.1: List of v for various space missions (LEO: low-Earth orbit; GEO: geosyn-

chronous orbit; L1: Lagrangian point).

Mission vV, m=s
Satellite drag compensatio 30
Station keeping 50
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Earth to LEO 97 10

LEO to GEO 4.3 10°
LEO to L1 37 1C¢°
LEO to Moon 59 10

Solar system exploration (5 15) 10°

Closest stars 108

While Egq. 2.2 de nes general characteristics of the space mission, there are two main
parameters which de ne spacecraft engine performance: thrust and speci c impulse. From
Eg. 2.1 one can see that there is a force applied by the engine to the spacecraft due to the

exhaust mass. This forcd is de ned as a thrust and can be written as

d
= a MpVex = MpVex! (2.4)
Speci ¢ impulse is a measure of thrust e ciency and means the impulse gained by the
spacecraft per unit of ejected propellant, or, equivalently, the thrust per unit of the propellant

mass. It can be expressed as

t
_ Tt _

T
lsp = m_p = Vey. (2.5)

tp
m,dt
0o '—=h
Conceptually, speci c impulse is equal to an exhaust velocity (if measured in m/s). How-

ever, more often it is de ned asvec=g, whereg is the standard gravitational acceleration of
the Earth.

In general, thrust of any engine can be characterized by two variables: the exhaust velocity
and the propellant mass ow rate. However, speci ¢ impulse is solely de ned by the exhaust
velocity. Therefore, limitations on the speci c impulse have a fundamental nature. Low
values of the speci c impulse lead to an increase of the mass of the propellant, which might

not be compatible with overall mission goals.

2.1.1 Energy limits on the speci ¢ impulse and thrust

The conventional propulsion system is an energy conversion machine. It converts potential
energy of some sort into the kinetic energy of motion. Such systems can be split into several
groups. First, based on the way energy is supplied to them: either stored in form of the

propellant and then released during the chemical reactions; or supplied from various external
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power sources, then energies for an acceleration and a propellant are decoupled. Second, by
the manner the propellant is accelerated: by converting the thermal energy into the kinetic
energy of the exhaust, or by accelerating the preliminary ionized propellant with the electric
eld, or a combination of electric and magnetic elds.

Chemical propulsion is when energy is stored in the form of propellant, released during
chemical reactions in the form of heat, and then converted into the kinetic energy of the
exhaust. Essentially, it is a thermal machine. Energy density stored in such engines is
de ned by the propellant type and cannot be changed. Therefore, the maximum achievable
combustion temperature is limited. One can estimate the lowest achievable exhaust velocity
as a thermal velocity of gas molecules in a ame. Typical chemical rocket engines use nozzles
to further accelerate the propellant. At the narrowest cross-section of the nozzle the velocity
reaches sonic speed, which is proportional to the square root of the temperature. At the
expanding part of the nozzle, the speed is further multiplied by a factor of 2 or 3. This
multiplication is limited by various factors. Jahn [32] identi ed the following constraints:
the energy density of the chemical propellant; the produced heat load; and heat losses. All
these factors restrict the exhaust velocity of a chemical thruster at about 5 km/s [16, 32].
Therefore, achievable speci ¢ impulse from this type of thrusters is fundamentally limited.

Nuclear thermal propulsion is an example of another propulsion system where an accel-
eration of the propellant is achieved by converting thermal energy into the kinetic energy of
the exhaust [39]. However, energy in this case is supplied from the external source (nuclear
reactor) in form of the heat. Energy density in such systems is not limited by the internal
characteristics of the propellant. Therefore, higher thermal velocities are achievable. How-
ever, such systems have similar limiting factors as in the case of chemical propulsion: the
produced heat load and heat losses. The predicted speci c impulse for such systems is 9-10
km/s [40]. The main constraint for these types of engines comes from structural limits of the
materials.

Electric propulsion is when the energy source is separated from the propellant, and the
propellant acceleration is done by the electric eld or a combination of electric and magnetic
elds, which requires a preliminary ionization of the propellant. Acceleration can be achieved

by the propellant heating by using the electrical power as well. Energy in such systems can
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be supplied by nuclear reactors [41], batteries, solar panels, or radioisotope thermoelectric
generators [37]. As it was shown in Ref. [38], the thrust per unit of the input power is de ned

as
T

I:)elec

- 2. (2.6)
Isp

where Pgiec IS the available electric power and is the thrust e ciency. From this equation,
one can see that the thrust is determined by the available power. Moreover, because the
exhaust velocity is high, the thrust is always low. Typical values of the exhaust velocity are
about 20-30 km/s [16]. Therefore, the main constraint of electric propulsion systems is the
available power.

From the above consideration it is clear that characteristics of any rocket engine are
de ned by the specic impulse and the thrust. These parameters should be matched with
the mission speci c limitations, especially with the required v. For example, cargo delivery
in Earth's orbit requires high thrust, so it can compensate for the Earth's gravity and a rocket
can vertically take o the ground (see, Eq. 2.1). This can be accomplished only by using
chemically powered engines, as high thrust can be achieved only with high mass ows, which
is typical for chemical propulsion systems. However, most of the space missions in Earth
orbit (station keeping, satellite orbit correction, maneuvering) require a high ratio of useful
mass to the total mass of the spacecraft. These requirements can be ful lled with electric
propulsion systems. Deep space missions, such as Solar exploration or beyond, require high
values of v which can be completed only by electric propulsion systems. Despite low thrust
and longer acceleration, the higher nal velocity can be achieved.

Nonetheless, while planning space missions one has to take into account the fact that
higher speci ¢ impulse requires more powerful and larger energy sources. Therefore, increas-
ing the weight of the power supply can prevail over mass savings due to high speci c impulse.

All of these factors should be taken into account.

2.2 Electric propulsion

Electric propulsion is based on utilizing electrical energy in order to accelerate propellant.
Based on the way the propellant is accelerated, electric propulsion devices are divided into

three subcategories [32,42]:
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Electrothermal, when the electrical power is used to heat or ionize gas and acceleration
is achieved by conversion of the thermal energy into kinetic energy through the nozzle.
Electrostatic, when the electrical power is used for propellant ionization, and its follow-
up acceleration in an electric eld.

Electromagnetic, when the ionization of the propellant and its acceleration is achieved

by the combination of electric and magnetic elds due to the Lorentz B force.

This thesis is focused on the study of electrostatic thrusters, namely Hall thrusters. Up
to date there are two types of electrostatic propulsion devices which are commonly used: lon
thrusters and Hall thrusters. In both types of thrusters inert gases like argon, krypton, or
xenon, are used as propellants. lonization occurs due to inelastic collisions with electrons.
lonized gas is accelerated through the electric eld only. In ion thrusters the electric eld is
applied between closely located grids, providing vacuum acceleration of ions. In Hall thrusters
the electric eld is applied between the cathode and the anode, and the electron current is
limited by the externally applied magnetic eld. Such con guration of elds causes the
closed drift of electrons in the azimuthal direction. That is why such thrusters have another
name: thrusters with closed electron drift. A detailed description of Hall thrusters and their

principles of operation will be given below.

2.2.1 Brief history of Hall thruster development

The detailed history of electric propulsion can be found in various books [43, 44] and
review papers [31,45,46]. A review of Hall thruster development can be found in [47]. In
this section a brief history is presented.

The rst description of thrusters with closed electron drift was presented in 1962 by Janes,
Dotson, and Wilson [15]. However, signi cant progress in the development of such thrusters
was achieved in Russia by groups led by A.l. Morozov [14, ] and A. V. Zharinov [51,52].
The e orts of the rst group were focused on thrusters with an extended acceleration zone, or
stationary plasma thrusters (SPT). The second group studied anode layer thrusters (TAL),
where the acceleration region, compared to SPT, is shorter.

The rst space ight of a SPT type thruster occured in 1972 on the Meteor satellite.

It operated for more than 170 hours [53]. Since then, such devices have been used on over
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240 di erent missions with 100 percent success [54]. Huge progress in their development was
done in the 1970s-80s. In the United States, ion thrusters received more attention, and the
development of Hall thrusters was discontinued.

Interest in such systems resumed in the USA and Europe in the 1990s. Since that time,
several modi cations of SPT and TAL thrusters were used in various missions, such as the
National Reconnaissance O ce (NRO), Space Technology Experiment Satellite (STEX), Eu-
ropean Space Agency (ESA) Small Mission for Advanced Research in Technology (SMART)-
1[16], U.S., Space Systems/Loral [55] and many other projects.

Hall thrusters have several advantages over gridded ion thrusters. First, ions are generated
and accelerated in a quasi-neutral plasma, so there is no saturation current limitation (which
follows from Child-Langmuir law). This helps to reduce the size of the thruster, compared to
gridded ion thrusters. Another advantage is that Hall thruster design does not require one

of the most problematic parts - a gridded cathode.

2.2.2 Future trends

Current applications of Hall thrusters mainly include satellite orbit correction or station
keeping. There are several projects which propose to use them for deep space missions, such
as Solar system exploration and asteroid capturing. However, current trends in space explo-
ration expand the possible application of electric propulsion in general and Hall thrusters in
particular. Micro - and nanosatellites (commonly called CubeSats) are an emerging tech-
nology, which are rapidly becoming one of the major tools for achieving the goals of various
space missions, from space exploration to Earth observation [56,57]. It is important to note
that CubeSats are widely used for educational purposes [58]. Fig. 2.1 shows the total amount
of CubSats missions over past two decades (plot is taken from [59]).

This demonstrates an important problem of scaling Hall thrusters to small size, as the
typical size of a 1 unit CubeSatislO 10 10cm. This problem has a fundamental nature,
as the physics of these types of discharges are not completely understood. Therefore, the
emerging need in smaller propulsion devices requires increased e orts in theory, diagnostics,

and control methods.
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Figure 2.1: Total amount of launched CubeSats, and CubeSats by missions.

When it comes to miniaturization, the electrospray thrusters are considered the most
promising candidates, due to their small size, and simple design [60]. However, Hall thrusters
have an important advantage in the thrust density, and consequently the volume and mass
required for the propulsion system. Low power Hall thrusters regularly achieve thrust den-
sities in the range of 4N=m? to 10 N=m?, whereas currently available electrospray systems
provide 0.15N=m?. This higher density implies that a thruster, based on Hall thruster prin-
ciples, could have a fraction of volume and mass of electrospray thruster with comparable
thruster power consumption and performance. The lower mass requirements of a compact
Hall thruster allow for a higher v. For a 4kg satellite (typical weight of 1U CubeSat) with
100g of propellant on board, modern electrospray propulsion can achieve 26%s while a
similar low power Hall thruster can achieve 338&1=s. With this con guration, a Hall thruster
would provide an extra year of station-keeping over electrospray thrusters, as well as faster
cruising time and more orbit options.

However, it is important to emphasize that the scaling to larger powers for Hall thrusters
is a high priority task as well. This is required to enable deep space missions with higk and
heavy payloads [54]. Such missions require up to 100KW thrusters or an array of thrusters with
the MW range power unit. One of the most critical problems for such thrusters is a lifetime,
which is de ned predominantly by the erosion rate. Moreover, thruster characteristics will
change over time, requiring a valid physical model in order to predict thruster parameters

and adjust mission parameters.
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2.3 Principles of operation

Hall thrusters is a common name for a class of EP devices. As it was noted before, there are
two main types of Hall thrusters which found practical applications: thrusters with extended
acceleration zone (or stationary plasma thrusters); and thrusters with an anode layer. SPTs
usually have a channel made out of a dielectric material, which causes secondary electron
emission and leads to lower electron temperature. Because of this reason, the channel is
relatively long, its length is longer than channel width. Another name for such design is a
thruster with extended ionization zone. Contrary to SPT, TAL has a conducting wall, which
leads to higher plasma temperature near the anode region, so the ionization process happens
in a thin layer near the anode. Because of this, the channel length is shorter compared to the
channel width. Stationary plasma thrusters had been developed much wider and had more
real-life applications compared to thrusters with an anode layer.

While stationary plasma thrusters and thrusters with anode layer are the two most com-
mon schemes, new designs for Hall thrusters have been developed. One of the reasons for
this is that conventional schemes become ine cient when scaled to small sizes. One of the
attempts to overcome this was the development of a cylindrical Hall thruster (CHT). Because
of its magnetic eld geometry and discharge chamber without a central coll, it can be easily

scaled to smaller sizes [ ]. Detailed description of the CHT will be given in Chapter 3.

2.3.1 Stationary plasma thruster

First, a description of the operation of conventional SPTs will be given. A Hall thruster

is a coaxial discharge plasma system, which has orthogonal electii€) @nd magnetic B)

eld. [47]. The general scheme is presented in Fig. 2.2. Two main parts can be distinguished
in the Hall thruster: the anode block and the cathode. The cathode is a source of electrons
to compensate for the charge of ions outside of the thruster exit plane, which sustains the

discharge by closing the electric circuit. A hollow cathode is the most popular scheme. The

anode part consists of a magnetic system (electromagnets and magnetic circuit), a discharge
chamber, and an anode, which is responsible for maintaining the electric eld and functioning

as an inlet for neutral propellant. lonization and particle acceleration occur inside the dis-
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charge chamber, which has a coaxial structure. Typical materials for the discharge channel
walls are boron nitride (BN) or Borosil (BN-SiQ,) because of their insulation, heat resis-

tance, and secondary electron emission properties. Output plasma ow has a ring structure.
A magnetic system is responsible for a radial magnetic eld within the discharge chamber

volume.

Figure 2.2: Scheme of Hall thruster and electric and magnetic elds.

SPT works as follows. The electric potential is created between the anode and cathode.
Electrons from the cathode move inside the discharge chamber by the electric eld and are
subject to the crossed electric and magnetic elds. The magnetic eld is used to modify
local electron mobility and to change the shape of an accelerating potential. This eld is
su ciently strong to make the electron's Larmor radius much smaller than the chamber
characteristic length, thus creating the strong azimuthaE B ow of electrons. However,
lons remain unmagnetized. Therefore, the conditions

V
e= L (2.7)

! ce
= :’L: L (2.8)
are applied. Here, ¢, is the Larmor radius of elections and iond, ...c; are election and ion
cyclotron frequenciesyy, is the electron or ion thermal velocity, andL is the characteristic
size of the system. Collisions force electrons to move to the anode in the axial direction
(across the magnetic eld). The azimuthal current E B drift) can be ten times larger than
the axial electron current. This ratio is essentially the Hall parameter, which is de ned as

a ratio between the electron cyclotron frequency and the electron collisional frequency (all
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types of collisions)

W= — L (2.9)
where . is the e ective collision frequency. A large value of the Hall parameter [16] ensures
long residence time for electrons which leads to an almost full ionization of the propellant
ow, creating more electrons, and supporting the discharge. Usually the propellant is a noble
gas with low ionization potential, large atomic mass, and a su ciently large ionization cross-
section. The fraction of doubly charged ions is usually small, however not negligible [47].
lons move out of the acceleration region by gaining energy from the axial electric eld. This

ion beam is neutralized by a fraction of electrons emitted by the cathode.

2.3.2 Momentum exchange in Hall thruster

The general principle of operation of Hall thrusters is in the ionization of the propellant and
its acceleration by the applied electric eld. However, it is important to clarify the exact
mechanism of momentum transfer from ions to the thruster and the spacecratft.

Even though Hall thrusters are considered as being an electrostatic accelerator, the real
momentum transfer mechanism is due to the electromagnetic forces, acting between the
accelerating ions and the electromagnetic coils, as can be seen from the following arguments.
The ions are accelerated by the electrostatic force generated from the applied electric eld.
Because ions are unmagnetized, the force on them is

Fi =2 en Erdrdz: (2.10)

This force is opposite in sign to the electrostatic part of the force acting on the electrons
Fe.. However, electrons are con ned by the magnetic eld, and cannot move in an axial
direction. Therefore, electrostatic force on electrons is balanced by the Lorentz forcer, B.
This can be written as

Fe= 2 encErdrdz 2 enve Brdrdz: (2.11)

Because forces on electrons and ions should be equal, the net force acting on ions is

Fi=Jna B; (2.12)
where the Hall current is de ned aslya = eneVve. According to Newton's second law, this

force acts on the magnetic system with the opposite sign. Thus, the momentum is transferred
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from the ions to the thruster due to the Lorentz force acting on the Hall current. This is the

reason why such thrusters are sometimes considered electromagnetic.

2.3.3 Thrust, speci ¢ impulse, and thruster e ciency

Thrust and speci c impulse are the main characteristics of any rocket engine. Electric
propulsion devices are characterized by additional important parameters: thruster e ciency
and input power. Let's consider how these parameters can be obtained and what information
they can provide. For Hall thrusters the accelerated ions are the main source of thrust, so it

can be described as

T= MpVex = M;V;. (2.13)

The ions are accelerated by the electric eld, so from the conservation of energy the ion

velocity is given by r
20\

M (2.14)

where V, is the net voltage through the acceleration regiong is the charge, andM; is the

lon mass. The mass ow rate can be represented through the ion beam currépt
_ oMi,

n = q (2.15)
Substituting Egs. 2.14 and 2.15 into 2.13 we have
T=mpVex = |p 2%:“%: (2.16)

It is important to note that beam voltage V, is an average beam voltage due to a spread
in beam energies.
This equation requires two corrections. First, due to the beam divergence, and second

due to multiply charged ions. The correction factor due to the beam divergence is de ned as

2 ,rd(r)cosdr

F¢ = ; (2.17)
I
whereJ(r) is the ion current density as a function of radius.
The correction due to multiply charged ions is given in the form
1 |++
1+ 19—é T
= e (2.18)

1+

I +
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wherel* and | ™ are currents from singly and doubly charged species respectively. The
total correction factor is then the product of these two factors, and is

= Fy (2.19)
Therefore, Eg. 2.16 becomes S

I b zﬁ'\qﬂivbi (2.20)
In general, specic impulse is de ned by Eq. 2.5. For the case of EP, by using the

de nition for thrust from Eq. 2.13, the following expression can be obtained

T =

_ myvi
Isp— .

2.21
m (2.21)
The mass utilization e ciency can be introduced here. It is a parameter, which is speci c

to the electric propulsion and de ned by the relation

: (2.22)
Thus, the speci ¢ impulse can be presentea as

lsp = Vi m; (2.23)
and after substituting Eq. 2.14 into 2.23 we pave

(2.24)
The total thruster e ciency is de ned as the beam powerPy, divided by the total input

power Py or, by using the fact that the beam power is de ned as the thrust multiplied by
the exhaust (or ion) velocity, it can be written as

(2.25)
By using the Eq. 2.5 for the specic impulse, the following expression for the total
e ciency can be obtained

Py T?
= —= ; 2.26
TPy 2myPr (2.26)

The total gas ow in Hall thrusters is the sum of ows through the cathode and the anode

Mp = Ma + Mg; (2.27)
wherem, is the anode mass ow, andn. is the cathode mass ow. In order to characterize
the ionization e ciency of the thruster, the mass utilization e ciency is introduced

m;
My + mc’

m = (2.28)
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where m; is the ion mass ow. This coe cient shows what fraction of the propellant is
ionized and produces thrust. In laboratory experiments, cathode mass ow is often ignored,
and anode e ciency is used

= = (2.29)

This is done to separate the e ects of cathode and magnetic system losses from plasma
generation and acceleration. Another useful coe cient is the current utilization e ciency. It

is de ned as a ratio of the beam current, to the total discharge currentl 4

I
b= o (2.30)
lq
Modern devices have the e ciency in the range 40-60 %. The e ciency of Hall thrusters is
de ned as power of outgoing stream divided by the input power. There are a lot of factors that
impact the e ciency of a Hall thruster, but from a physical point of view, the most important
aspect is electron mobility. Electron mobility determines the potential distribution inside the

thruster and de nes the balance between ion and electron currents.

2.3.4 Anomalous current and thruster performance

The equation for the thruster e ciency 2.26 can be written in terms of the ion electron

currents
T i
2m_pP|n | i + Ie.
From this equation it is clear that a large electron current reduces the e ciency of the

T

thruster. However, electron mobility should be high enough to maintain the ionization pro-
cess. The classical collision model predicts the axial electron current to be an order of
magnitude smaller than the experimentally observed values. Most models describing pro les
of plasma properties inside the channel use "anomalous" transport coe cients [64,65]. These
coe cients are measured in experiments and are not universal. Such empirical models cannot
satisfy modern requirements for the e ciency and lifetime of Hall thrusters. That is why a
lot of research e orts are focused on nding a model that can predict the anomalous electron
current.

There are two main ideas to explain the anomalous transport in Hall thrusters. Near wall
conductivity was proposed and experimentally detected by Morozov [66, 67]. Anomalous

transport is the result of electron collision with the walls. Another mechanism is connected
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with uctuations in plasma. Oscillations in a wide range of frequencies have been reported in
plasma discharges for a long time [ ]. Previous studies of anomalous transport suggest
that such uctuations in plasma can be responsible for it.

In Hall accelerators, azimuthal structures were already observed in very early works [64]
where it was also suggested that ionization processes play important role. However, physical
mechanisms of this behavior have not been explained. Electron drift B B direction is
an important source for instabilities for crossed- eld plasmas. Instabilities due to plasma
parameter inhomogeneity have an azimuthal propagation.

Understanding processes it B plasmas can help optimize thruster parameters to
create systems for active control and suppression of the instabilities. Moreover, an ability
to predict a cross- eld transport in magnetized plasmas will have a drastic e ect on many
applications, for example magnetized plasma fusion [71].

Before a brief introduction to the common types of modes relevant to Hall thrusters, a

description of devices, which share similar physics, will be given in the next section.

2.4 Relevant E B discharges

A description of relevantE B devices should begin with a device which has been used
for studies of Hall plasmas at Princeton Plasma Physics Laboratory (PPPL) in parallel to
Hall thrusters. An important part of instability studies is an experimental investigation of
plasma uctuations and validation of theoretical and numerical models. The Hall thruster is
not convenient from an experimental point of view, especially when probe measurements are
performed. Thus, a more exible and versatile setup is required. A Penning trap is a classical
example of a plasma device with crossed electric and magnetic elds. The magnetic eld is
applied in an axial direction, and the electric eld is in radial direction, so this discharge has
an inverse Hall thruster con guration, but it allows much easier access for plasma diagnostics,
due to larger size.

The radial electric eld is generated by a set of three electrodes: a ring and two endcaps.
The magnetic eld in combination with the electric eld causes charged particles to move in
the radial plane with a motion which traces out an epitrochoid. The general scheme of the

device and elds inside the Penning discharge are shown in Fig. 2.3.
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Figure 2.3: Scheme of a Penning trap at PPPL.

Experiments with Penning discharges have demonstrated many instabilities which seem
to be similar to those in Hall thrusters. One could expect that there are essential common
physics elements between these two systems. The geometry of Penning discharge is similar
to the geometry of Hall thrusters especially in latest designs with strong axial magnetic
eld. The particular experimental design at PPPL has the axial beam of energetic electrons
that serves as a cathode and the coaxial outer electrode as an anode. The applied voltage
creates the radial electric eld and the axial magnetic eld is created by the external solenoid,
thus creating crossed E and B eld con guration. However, Penning discharge is simpler to
design and easy to study, which is why it is used in experiments where parameters of di erent
instabilities are measured. It is even more important that this con guration is very similar
to the central region of the magnetically shielded Hall thruster. This similarity concerns
not only the magnetic eld con guration, which is almost axial in the near axis region for
magnetically shielded Hall thruster H6MS [72], but also due to the presence of high energy
electrons emitted by axially mounted cathode in HEMS. It is worth noting here that the
presence of high energy electrons emitted from the cathode may be an important factor in
triggering the spokes as it was demonstrated in PPPL experiments with hollow cathode in
over-run regimes [73].

Another example of a device widely used in industry, especially for microelectronic pro-
ductions, is magnetrons [6]. A general scheme of a planar magnetron is shown in Fig. 2.4.
Magnetron itself is a diode with a magnetic system. The magnetic eld is required to con ne

electrons, produced by a target bombardment with the working gas. Magnetic system is
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developed in a way that electrons are con ned close to the target surface. Con nement is
achieved by a combination of electri€ and magneticB elds. The electric eld is directed
perpendicular to the target surface, and the magnetic eld is tangential to the surface. This

combination of eld forces electrons to ow in a direction parallel to the target.

Figure 2.4: Scheme of a planar magnetron ( gure is taken from Ref. [1]).

There are other industrial applications for devices witie B plasmas. Table 2.2 lists the
properties of the plasma used in these applications. A common characteristic of plasma in
all of these applications is strong electron currents due to the crossed electric and magnetic

elds, and strong density, magnetic eld and temperature gradients.

Table 2.2: Plasma properties in cross- eld plasma devices for advanced applications.

It is important to note that T,  T;; however, there is ion acceleration in some cases.

Atomic scale| Magnetron, | Hall thruster | High-current
etcher Fig. 2.4 plasma switch,
Fig. 2.5
Characteristic size, cm 10 107 < 10 10°
Working gas Ar Ne, Ar, Kr, Xe Kr, Xe He, Ar
Gas pressure, Torr 10 3 103 10 4 101
Plasma density, cm?3 10t 10° 1013 1010 102 102 108
Magnetic eld, Gauss 107 16 10° 10 16 10°
Electric eld, V/cm 1 1-10 10° < 107
Electron temp., eV 1-10 10-100 10-100 10-100
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An example of the high-current switch is shown in Fig. 2.5. Essentially it is a gas tube
device, which is an enabling technology for increased security in power grids. Crossed electric
and magnetic elds are utilized in this system. This allows or an increase of operation voltage

up to 100 kv.

Figure 2.5: High-current plasma switch.

2.5 Plasma and its characteristics in Hall thrusters

In general, plasma can be de ned as an ionized gas, where neutrals, electrons and ions of dif-
ferent charge are presented. When the temperature is high, all neutrals become ionized and
plasma is called a fully-ionized plasma. Each of these species has its own characteristic tem-
perature, thus, it should be de ned for each species independently. For plasma description,
an electron temperatureT, and an ion temperatureT; are typically used. For most plasma
conditions, the electron temperature is larger than the ion temperature. This is a consequence
of the fact that ions (m;) are much heavier than electronsnfe) and that in most situations
energy is supplied to electrons rst. Therefore, plasma is a strongly non-equilibrium system,

with electrons and ions at signi cantly di erent temperatures.
Quasi-neutrality

An important characteristic which allows to de ne the collection of charged particles as
plasma, is that it is a quasi-neutral system. This means that the electron charge densign(,
wheren, is the electron number density) on average is equal to the ion charge densify€n;,
where Z; is the ion charge, andn; is the ion number density). Due to thermal particles

motion, local quasineutrality breaks and an electric eld arises, which tries to return charges
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back to the equilibrium. Therefore, the distance at which particles can be separated is limited
by their thermal (kinetic) energy. One can estimate this characteristic distance from simple
assumptions. Let's assume that ions are coldij( 0), meaning that they almost do not move,
compared to electrons. Then, the electric eld would appear only due to electron motion. If
electrons move to some distance, it would lead to the electric eld E 4 en.L. Because

this distance is limited by the electron'§ thermal energy, it implieEL T, therefore

T, _
e o (2.31)

This distance is called a Debye length, and denoted ag. Within this distance, quasi-

neutrality condition might not be satis ed, whilst at the distances larger than p, quasi-
neutrality always holds. Another meaning of the Debye length is the length at which charge
is screened. If test charg® is immersed in plasma, its potential will decay with the distance

r as

(r) = % (2.32)

which is faster than it would follow from Coulomb's law
(r)= ?: (2.33)
This additional term e = » appears due to nite electron temperature, which partially
compensates for the electric eld of the test charge.
When an electric eld arises in plasma in order to compensate for the charge separation,
it returns the electrons to their equilibrium position. However, due to the inertia e ect,
electrons do not stop at this position, but oscillate around it with certain frequency. This

frequency can be de ned as follows S

4n &
Me
The ! e frequency is called the electron plasma frequency. It shows how fast charge

!pe:

: (2.34)

separation occurs, and is a characteristic frequency of the fundamental plasma eigenmode -

Langmuir oscillations.
Collective behavior

The second fundamental plasma characteristic is that it exhibits the collective behavior.

Interaction in neutral gases occurs through binary collisions, therefore only two closely located

27



particles interact. Contrary to neutral gases, patrticles in plasma can interact through long-
distance Coulomb forces. However, as it was shown before, this interaction can happen only
within the Debye length. In three dimensions this forms a sphere, called the Debye sphere.
Such interaction is collective, as it involves many particles inside the sphere. This collective
behavior results in plasma wave oscillations. Therefore, the plasma dynamics are signi cantly
di erent from waves in neutral gases.

Collective behavior becomes dominant in plasma when the number of particles within the
Debye sphere is su ciently large. This can be written as a following condition

ns 1 (2.35)

wheren is the particles number density. The quantityn 3 is called the plasma parameter

and it shows the number of particles within the Debye sphere.
Particle motion in electric and magnetic elds

As was mentioned before, the magnetic eld in Hall thrusters prevents free electron motion
to the anode. However, ions are not a ected by magnetic eld. The main reason for this is
their mass, which is much greater than the electron mass. Particle motion in electric and

magnetic elds is determined by the Lorentz force
FL = mccll—\: =qg[E+v B): (2.36)
Under the in uence of this force a particle has circular motion which is characterized by

Larmor radius . Larmor radius is de ned as

\'2
! C,
where! ;i = gB=m; is cyclotron frequency of electron or ion. Thus, electrons are "magne-

L= (2.37)
tized" because electron Larmor radius is smaller than a region where a strong magnetic eld
exists. This region is characterized by length..

In crossed electric and magnetic elds, particles are subject ® B drift. The charac-
teristic velocity of this drift is in a direction perpendicular to magnetic and electric elds,
and is equal to
E B

V(): BZ

(2.38)
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2.5.1 Hall plasmas

Plasma in allE B devices, described before, have the following common characteristics
" Magnetized electrons ¢ <L , ! <! (.
" Unmagnetizedions; L ,!>! . However, there are cases when ion magnetization
becomes important.
" Electron-neutral and ion-neutral collisions could be important for low-frequency oscil-
lations.

Such plasmas are referred to in this thesis as Hall plasmas.

2.6 Oscillations and plasma dynamicsin E B discharges

A wide range of oscillations have been observed in the experiments with di erent types of
E B discharges. Characteristic frequencies of observed uctuations and their amplitudes
may di er depending on the operating regimes. However, they can all be grouped into three
categories:

" Low frequency (1-100 kHz). There are two main types of oscillations in this range:
azimuthal and longitudinal, which often appear as coherent modes, eg. spokes and
breathing mode.

~ Mid-range oscillations 70-500 kHz. These oscillations are mostly electrostatic waves
which can be relatively incoherent.

" High-frequency oscillations - from 0.5 MHz up to 5 MHz. These modes are di cult
to measure and their role in the operation of Hall thrusters and their relation to low

frequency modes is not understood.

Low frequency

Coherent axial oscillations in the range from 1 to 20 kHz are referred to as "loop" or "breath-
ing" oscillations. The amplitude of these oscillations can be up to 100 % of the total current
amplitude. There is a strong dependence on amplitude of these oscillations in the magnetic
eld, so there is an "optimal” operation regime where these oscillations are almost suppressed.
It is often thought that these oscillations are related to the instability of the ionization zone.

Oscillations in an axial direction with a wider frequency band - 20-100 kHz are considered
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to be low-frequency too. One of the sources for instabilities is collisions with neutrals, which
dominate in weakly ionized plasma. A relevant case of oscillations is in frequency range
in <!<  en [74].

There are low-frequency modes, which propagate in azimuthal direction. The "spoke"
mode was observed in many experiments in various typesf B discharges. This insta-
bility occurs in the 5-25 kHz range and can reach signi cant amplitudes and a ect thruster
e ciency. There are some conditions when these oscillations can be suppressed. However,
there is no satisfactory physical model which would allow to predict the appearance and
behavior of this mode. It is assumed to be related to the ionization, however its mechanism
can also be similar to the Simon-Hoh instability. These structures may have crucial relations
to the nature of anomalous mobility in the thrusters; for example, experimental measure-
ments had shown that signi cant fraction of the total current (above 50%) occurs within the
spoke region [21]. Thus, it is important to understand physical mechanisms of the coherent
structures and their relations to the instabilities and uctuations. Their understanding is a
fundamental physics problem which opens the way for active control of uctuations [75] and
regimes with enhanced performance [20].

Another type of azimuthal modes are gradient-induced oscillations, which have frequencies
in a band of 20-60 kHz. Their amplitude has a strong dependency on the magnetic eld
pro le. Azimuthal oscillations in this band are mostly electrostatic waves witrk,  k, (here
ky is in azimuthal andk;, is in axial directions). The main sources of instabilities for these
oscillations are due to gradients of the magnetic eld and density. Sometimes these waves

are associated with fast magnetosonic waves.
Intermediate frequency

The frequency of oscillations in this range can be roughly estimated asVg=L, where L

Is the system length andVy; is the ion ow velocity. Their amplitude can be up to 30 %
of discharge current and can a ect the thruster e ciency. These oscillations are relatively
turbulent and are believed to be responsible for anomalous di usion. The nature of these
oscillations is quasiaxial electrostatic waves. Their behavior is well described by the linear

theory. Essentially, these oscillations are gradient driven magnetosonic waves with almost
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axial propagation. They are caused by inhomogeneity in the ion beam [76].
High frequency

Oscillations in this range become important in the "optimal” regimes of operation when
oscillations at lower frequencies become weak. These oscillations have a strong dependency
on magnetic eld. Their amplitude can be relatively high and can play an important role in
thruster e ciency.

Even though it seems that lower frequency oscillations play a more important role in Hall
thruster operation, it is believed that higher frequency oscillations, like gradient-driven oscil-
lations, can be responsible for anomalous transport. It is also possible that these oscillations

can cause lower frequency oscillations with higher amplitude, like spokes.

2.6.1 Types of waves in partially magnetized plasmas

The above description gives a qualitative picture of oscillations in Hall plasmas. In this
section, the description of several characteristic velocities and frequencies is given.

" The rst important characteristic velocity irc, the ion sound speed
Te
= —; 2.
Cs — (2.39)

which corresponds to the ion sound mode? = k2c2, wherek is the wavevector.
Azimuthal (closed drift) E B ow of electrons in crossecdE B elds has the char-
acteristic velocity

E B Eo

VO = B2 B_O (240)

It corresponds to the frequencyl o = kyVy, wherek, is the wavevector in azimuthal
direction.

lon ow across the magnetic eld, acceIeFated by the potential di erencé/
2eV
e
Corresponding frequency is proportional to the system length, f = V,=L.

V, = (2.41)

Axial gradients of density and magnetic eld are responsible for diamagnetic and mag-

netic drifts

TB r Inng Te
vV = ——————— X 2.42
eB? eBol ( )
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TB r InB Te

Vo = T ZeBoLB; (243)

where
Lot = jr Inno(x)j; (2.44)
Lgt=jr InBo(X)j (2.45)

and L, is the characteristic length of the density gradient and.g is the characteristic
length of the magnetic eld gradient.
These sources are characterized by frequencigs= kyvp and! = kyv .

" Lower-hybrid frequency

!EH = G ces (2.46)

where ¢ is the ion cyclotron frequency, and . is the electron cyclotron frequency.
The basic modes shown above are stable; however, under certain conditions, these waves
can be destabilized. Mechanisms for their destabilization will be described more in detail in

Chapter 4.

2.7 Summary

In this chapter, the basic principles of propulsion, in general, and electric propulsion, in par-
ticular, are presented. It was shown that electric propulsion is more preferable for most space
missions, because of the reduction of the required propellant mass and increased payload.

A history of Hall thruster development is reviewed, and future trends are highlighted.
One of the biggest challenges for modern electric propulsion systems is the scaling to larger
and smaller sizes. On the one hand, development of CubeSats and nanosatellites requires
very e cient propulsion systems which can remain e cient even after they are scaled down.
On the other hand, deep space missions require thrusters in the 100s KW range and higher,
with stable and predictable operation over a long period of time.

The principles of operation of stationary Hall thrusters are given, and the physical mech-

anism of the momentum transfer from the exhaust to the spacecraft is described. It was
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shown how to characterize thrust and the speci c impulse for the Hall thruster. Total e -
ciency of the thruster was derived, as well as anode and beam e ciencies, which are helpful
for thruster characterization under laboratory conditions. From the de nition of total e -
ciency, it was shown that the anomalous current has a negative impact on the e ciency, and
that the problem of anomalous current has a fundamental nature.

A brief introduction into relevant E B devices and their parameters has been presented.
These devices share similar physics, and resembling oscillations and instabilities were observed
experimentally; even though plasma parameters, such as electron temperature, pressure, or
electric eld, can vary by an order of magnitude. This shows the importance of the research
in this eld, as it can have an impact in many areas where these devices are used.

A basic description of stable eigenmodes relevant to the plasma conditions in Hall thrusters
is presented. These waves can become unstable due to gradients of plasma and due to the
external perturbations or elds. An overview of experimentally observed oscillations in Hall
thrusters is given. These oscillations are divided into three bands: low frequency, interme-
diate frequency, and high frequency. Two modes of interest (spoke and breathing) belong to

the low frequency band, and are the most prominent ones.
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Chapter 3

Experimental Setup and Techniques

In this Chapter, a description of the experimental facilities and diagnostics, used in this
thesis, is presented. All experiments were conducted at the Small Hall Thruster Facility
at Princeton Plasma Physics Laboratory (PPPL). The main test subject was the 200W
cylindrical Hall thruster. A conventional electrical circuit, which is used to control thruster
operation, was modi ed in order to apply external modulation of anode potential to study
thruster response on external modulations and to implement Laser-Induced Fluorescence
(LIF) diagnostics. LIF was used to obtain time-resolved ion velocity distribution functions
(IVDF) in the thruster plume during the breathing mode. Emissive and biased planar probes
were used to measure plasma properties (plasma potential, electron temperature, and ion
density) during the external modulations. An investigation of the coupling between spoke
and breathing modes was done with a fast frame camera and subsequent image processing.

The description of the image processing technique will be given in Chapter 8.

3.1 Small Hall Thruster Facility

The Small Hall Thruster Facility (SHTF) includes a vacuum system, a control system, and
a cylindrical Hall thruster. The vacuum system consists of a stainless-steel vacuum chamber
1 m in length and 0.8 m in diameter ( 1 m® volume) and equipped with a blower, a
mechanical pump, and Osaka TG3203M turbo-molecular pumping system. This vacuum
system achieves the base vacuum pressure of ab@0t® Torr without any gas supplied into
the chamber. During operation, propellant for the thruster is supplied from the xenon tank.

Typical ow rates are 3-4 sccm through the anode and 2 sccm through the cathode. Under
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these conditions, the background gas pressure in the vacuum chamber did not exogetD °
Torr (corrected for xenon). Pressure was measured with an external ion gauge, mounted
on top of the vacuum chamber. The thruster was operated from the control rack, which
allows for setting and monitoring of the operating parameters. A general view of the vacuum

chamber and the control rack is shown in Fig. 3.1a and b respectively.

Figure 3.1: a) General view of the Small Hall Thruster Facility (SHTF); b) the control
rack of SHTF.

The control rack includes a vacuum meter reading box, cathode keeper power supply,
anode power supply, back (main) and front coils power supplies, 2-channel ow controller for
anode and cathode ows, Kepco ampli er BOP50-4M for anode modulation, and cathode
heater power supply. The main control parameters during the operation are the anode
voltage, the gas ow, and the magnetic eld con guration. Typically, the thruster works in
voltage control mode, meaning that the discharge current adjusts itself. Electric circuitry is
shown in Fig. 3.2.

An important modi cation of this circuitry from the conventional setup is the Kepco
ampli er BOP50-4M for anode modulation, which allows to append an ampli ed function
generator signal to the DC anode voltage level. The sine wave signal from the function
generator drives the Kepco ampli er BOP50-4M, which has a bandwidth of 23 kHz, an

output range of 50V, and a current draw 4 A. It is connected in series between the main
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power supply (GEN600-1.3) and the anode. Therefore, anode voltage becomes:
Vanode = Vbc + Vamp; (3.1)
where Vpc is the DC anode voltage andvayp is the driving voltage from the amplier. A

similar idea was used in works by Yamamoto et. al. [77, 78].

Figure 3.2: Electrical circuitry for operating the CHT thruster. It includes systems

for anode voltage modulation and electrical measurement.

This facility allows for installation of various diagnostics. Multiple electric feedthroughs
let to install probes for plasma parameters measurements. Viewports allow for the imple-

mentation of optical diagnostic.

3.1.1 Cylindrical Hall thruster

The main test subject for all experiments was a 2.6 cm diameter 200W cylindrical Hall
thruster. As mentioned before, the miniaturization of Hall thrusters is an important require-
ment for modern space exploration devices. Attempts to reduce size of SPT were not very
successful; thus, the idea of a di erent scheme appeared. It was proposed to remove the inner
part of the SPT, which allows for a reduction of the channel radius. This type of thruster is
called a cylindrical Hall thruster (CHT) and was developed by Raitses, et al. at PPPL [61].

A general scheme of the CHT is shown in Fig. 3.3. The thruster consists of three main
blocks: magnetic system (back and front coils); the cathode-neutralizer, and the anode. The

main di erence from SPT is in the organization of the magnetic system and the absence of
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