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ABSTRACT

The process of Electron-Cyclotron-Resonance (ECR) plasma acceleration has several
potential applications including use as a new type of electric space propulsion device
designated the ECR plasma engine. The ECR plasma engine is interesting due to its
theoretical promise to deliver a combination of improved efficiency, specific impulse,
power-handling capability, length of life, or operational flexibility relative to other electric
propulsion devices now being developed. Besides its possible application in electric
propulsion, the ECR plasma engine might be useful for beamed-energy propulsion or
fusion propulsion. Related devices are used in the semiconductors field for plasma
etching.

This study includes theoretical modeling and a series of experimental measurements.
The theoretical work was focused in two areas. The first area involved the development of
a collisionless, steady-state, axisymmetric model of a cold flowing plasma separating from
a diverging magnetic field. This model suggests that beam divergence can be an important
loss mechanism for plasma propulsibn devices that use magnetic nozzles, but that the use
of optimized field geometries can reduce divergence losses to acceptable levels. We
suggest that future research be directed at confirming theoretical predictions made using the
axisymmetric model of beam separation.

The second area of theoretical investigation involved the development of a steady-state,
quasi-one-dimensional model that provides theoretical predictions of plasma density,
electron temperature, plasma potential, ion energy, engine specific impulse, efficiency, and
thrust. The quasi-one-dimensional model consists of a system of five first-order, non-
linear, ordinary differential equations. The boundary conditions required to solve the
system of equations are relationships between the ambient neutral gas density, the plasma
density, the two components of the electron temperature, and the position at which the
plasma passes through the ion-acoustic Mach number 1. The model was used to solve two
classes of problems that are thought to bound the conditions under which the ECR plasma
accelerator operates. The first class of problem is based on the assumption of negligible
conductive heat flow within the plasma. The second class of problem is based on the
assumption that electron thermal transport along magnetic field lines is so large that the
component of the electron temperature along magnetic field lines is isothermal. The model
can be used to simulate accelerator operation in space or in the presence of a vacuum
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system with finite tank pressure. Measurements of plasma conditions in a working
research device confirm the general features of the quasi-one-dimensional theory.

The experimental apparatus constructed to study ECR plasma acceleration consists of a
vacuum facility, a 20-kW microwave power supply, and an ECR plasma accelerator. In
tests of the facility we have measured microwave input power, reflected power, propellant
flow rate, and vacuum-tank static pressure. The working ECR plasma research device uses
argon propellant gas with 2.12-GHz microwave radiation at power levels of up to a few
kilowatts. Among the plasma diagnostics employed in this research are a gridded energy
analyzer, a Faraday cup beam-density analyzer, Langmuir probes, emissive probes, and a
diamagnetic loop. With these diagnostics, we have measured plasma potentials of up to 70
eV and electron temperatures of up to 35 eV. Measurements of accelerated-ion kinetic en-
ergy show a direct relationship between ion energy and peak plasma potential, as predicted
by theory. Indirect measurements indicate that the plasma density in the existing accelerator

is on the order of 107 m'3.

We now understand previously unexplained losses in converting microwave power to
jet power by ECR plasma acceleration as the result of diffusion of energized plasma to the
metallic walls of the accelerator. Our theory suggests that future researchers should attempt
to reduce the influence of these diffusion losses by increasing the cross-sectional area of the
accelerator. It may be possible to reduce line radiation losses due to electron-ion and
electron-atom inelastic collisions below levels estimated by past researchers through careful

“accelerator design. Minimizing inelastic collision losses will place a limit on the maximum
thrust density that can be achieved using argon and other non-hydrogenic propellant
materials. High thrust density may be achievable using propellants that are isotopes of
hydrogen because once ionized, these species exhibit negligible inelastic collision effects.
Deuterium is arguably the best candidate for achieving both high efficiency and high thrust,
but will only be effective at specific impulses of over about 10,000 Ibfes/lbm.

We expect that efficient ECR plasma engines can be designed for use in high specific
impulse spacecraft propulsion at power levels ranging from a few kilowatts to tens of
megawatts. The maximum theoretical efficiency of converting applied microwave power to
directed jet power in this device can be more than 60 percent. The achievable total
efficiency of converting direct-current electric power to jet power in a propulsion system
based on the ECR plasma engine will probably be considerably less.
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FOREWORD

This dissertation is written in seven chapters with five appendices. The introductory
chapter provides an entree to the topic by describing the concept of the ECR plasma
accelerator, potential applications of the device, a description of the potential benefits the
device may offer to the field of space propulsion, and a description of related research.

The technical discussion of the physics of ECR plasma acceleration begins in Chapter
2, which is organized in three major sections. Section 2.1 Simplified Analysis, covers
several different aspects of the physics of the device. A piecemeal discussion of the
physics of the device is presented to provide a framework in which each individual
phenomenon can be understood in isolation without the complicating effects of coupling to
other phenomena. The second section of Chapter 2 explores the important question of how
a collisionless plasma can separate from a magnetic nozzle. This section presents a
somewhat idealized, but none-the-less useful, approach to modeling a counter-intuitive
process. The second section of Chapter 2 was required because the bulwark of this
theoretical work, the quasi-one-dimensional model of Section 2.3, was not intended to
address the issue of collisionless flow across magnetic field lines.

The quasi-one-dimensional model does address, simultaneously and self consistently,
. all of the other loss processes that we consider important to study in a steady-state model.
The loss processes addressed collectively by the model include those treated piecemeal in
Section 2.1, plus certain dynamic effects for which a flow model is required. The
derivation of the quasi-one-dimensional model is included in Appendices B and C because
the continuum mechanics approach that we used, in which a (plasma) fluid is tracked
through a postulated control volume, is fairly standard and many readers may want to skip
the derivation or refer to those parts of it that are of special interest.

Chapter 3 describes the apparatus we developed to conduct experimental studies.
Chapter 4 describes the approach used to conduct numerical calculations using the quasi-
one-dimensional model of Chapter 2 and it presents a summary of the results of our
calculations. For a detailed listing of the computer program, refer to Appendix E. For a
detailed presentation of our computational results, refer to Appendix F.
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In Chapter 5 we compare the results of calculations with the results of experimental
measurements. In Chapter 6 we provide an interpretation of these results, outline our
conclusions, and discuss possible future work that could usefully follow this study.

This dissertation does not include a tutorial discussion of the fundamentals of rocket
propulsion because such tutorials can be found elsewhere. For a particularly good
treatment of the subject we recommend Fujio linoya's recent publication (1993).

The units used in this document are somewhat inconsistent and may be confusing to
some. The reason for this inconsistency is that this document describes both experimental
and theoretical work and the language of experimentalists who work in propulsion
technology is very different from the language of theorists who publish their work in
plasma physics journals. To a theorist the unit of 'sccm’ seems ungainly and inconvenient
but to the experimentalist it is a quantity that can be easily measured with a stop watch,
graduated cylinder, and soap bubble.*

Finally, a few words on the author's decision to use the first person pronoun. In the
old school of technical writing the first person pronoun was considered bad form. Many
professionals, especially engineers, still consider the first person to be inappropriate in
technical writing because they think that it sounds pompous or self-aggrandizing. In recent
years, however, the technical community has begun to join the rest of the literate world in
accepting composition in the first person as preferable because it allows the author to
eliminate ambiguity and write in the active voice. Some technical conferences now request
that papers be prepared using the first person. We use the plural as a reminder that this
work could not have been completed without the aid of those mentioned in the
acknowledgments.

* We did use the somewhat more sophisticated Hastings flow meter to measure flow rates
in this work, but we checked the calibration with the kitchen physics approach.



Chapter 1

INTRODUCTION

1.1 Concept of ECR Plasma Acceleration

We examine Electron-Cyclotron-Resonance (ECR) plasma acceleration with an eye to
its potential application in high specific impulse spacecraft propulsion systems. - This
electrodeless process promises to use microwave-frequency electromagnetic radiation to
efficiently accelerate propellant. The advantages of high specific impulse propulsion in-
clude reduced trip time, reduced propellant consumption, and the ability to accomplish
high-energy missions that are not feasible using existing thermal propulsion technology.
Electric propulsion represents the most-likely near-term option for achieving high specific
impulse. More exotic options, such as beamed-energy propulsion or fusion propulsion,
are further in the future. ECR plasma acceleration may have applications in all of these
areas.

Figure 1.1 depicts a schematic of an ECR plasma accelerator. Major components of
this axisymmetric device include a waveguide, a dielectric window, a solenoid coil, and a
gas-injection system. A waveguide channels microwave power into the device through the
dielectric window. The purpose of the window is to separate the neutral gas region, where
microwave breakdown occurs, from the region upstream of the window, where the use of
a higher or lower gas pressure suppresses breakdown. A large vacuum system holds the
neutral gas region to pressures of about 104 torr. In an actual space application, the vac-
uum of space would provide the required gas pumping. The solenoid coil in an ECR accel-
erator must be designed to produce a magnetic field that diverges to the right, as shown in
the figure. The strength of the magnetic field produced by the solenoid is selected so that
the cyclotron frequency of electrons, orbiting field lines in the desired ECR heating region,
is equal to the frecjuency of the applied microwave radiation.
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Fig. 1.1 Schematic of ECR plasma accelerator

The gas-injection system provides a steady flow of propellant into the neutral gas
region. The propellant subsequently diffuses by free molecular flow into the ECR heating
region. After the gas-injection system establishes a steady gas stream, a microwave
generator supplies ECR powér and a direct-current power supply provides current to
activate the solenoid coil. Free electrons present in the ECR heating region gain kinetic
energy in the combined presence of the microwave radiation and the magnetic field. These
energetic electrons undergo collisions with neutral gas atoms, thereby ionizing the gas and
producing more free electrons in an avalanche process. In steady-state operation, the gas-
injection system constantly replenishes the neutral gas region, which acts as a source for
the plasma flow.

Each of the free electrons orbiting about magnetic field lines in the plasma has a
magnetic dipole moment. The axes of the magnetic dipoles associated with these free elec-
trons naturally align themselves opposite to the axis of the magnetic field of the solenoid.
This opposition between the electron-cyclotron magnetic dipoles and the applied diverging
solenoid field results in a net force on the electrons that is initially directed primarily in the
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axial (downstream) direction. Because the Debye length in this plasma is small compared
to the dimensions of the device, the net force on the electrons does not produce a macro-
scopic charge separation. Also, the force on the electrons does not result in a net current
flow because the accelerator is conductively isolated. Instead, an electrostatic field couples
the bulk ion motion to the bulk electron motion and the plasma accelerates downstream as a
quasi-neutral fluid. The electric field responsible for accelerating the ions is interchange-
ably referred to as a microscopic polarization field or as an ambipolar electric field.

The combined effect of the electrostatic coupling of plasma species and the divergence
of the magnetic field causes the accelerated plasma beam to diverge during separation from
the magnetic field. We have analyzed this exhaust plume divergence and found that it is
responsible for a loss in engine efficiency (see Section 2.2). Other losses that are present
in the conversion of microwave power to jet power include: i) imperfect coupling of the
applied microwave power, ii) electron thermal energy used to ionize the propellant atoms,
iii) ion-electron recombination effects, iv) the effects of incomplete propellant ionization, v)
plasma interactions with the walls of the accelerator, and vi) radiation from the plasma.
Section 2.3 and Chapter 4 treat these 10ss mechanisms. ‘

Table 1-1 includes a listing of the loss mechanisms we have estimated. The second
column in the table is an estimate of the loss associated with each of these mechanisms for
the experimental apparatus we have tested. Our analysis of losses in a hypothetical,
optimized ECR plasma accelerator that uses argon propellant gas at a specific impulse of
3,000 Ibfes/lbm is the basis for the third column in the table. Actual efficiencies can be
somewhat higher at higher specific impulse, lower at lower specific impulse, and signifi-
cantly different for other propellants. We discuss projections of maximum achievable effi-
ciency more fully in Section 4.3.7. From the data of Table 1-1, we conclude that the pre-
sent device is highly inefficient. However, we do suggest that within the context of the
existing theory considerable room still exists for improvement.



Table 1-1 Estimated Jet-Power Losses for Existing
Device and an Optimized ECR Plasma Accelerator

Loss Estimate for ~ Estimate for

Mechanism Present Device (%) Optimized Device (%)
Plume Divergence 7 7
Reflection of Applied Power 5 1
Transmission of Applied Power 5 1
Propellant Ionization 30 9
Recombination | 7 2
Propellant Utilization 14 9
Wall Effects 30 3
Total Losses 98 32
Estimated Efficiency 2 64

(microwave to jet power)

1_.2 Potential Applications and Benefi

Any suitable microwave source can act as the power supply when ECR plasma en-
gines are used for spacecraft propulsion. As such, this plasma acceleration mechanism
promises potential benefits for electric propulsion, beamed-energy propulsion, or fusion
propulsion. The following discussion briefly describes these potential applications of ECR
plasma acceleration

Electric propulsion is the application for which ECR plasma engines have the most
promise in the relatively near future (i.e., less than a few decades). Desirable attributes of
an effective electric propulsion technology include i) thrust efficiency greater than about 50
percent; ii) flexibility to operate throughout a specific impulse range of about 1,000
Ibfes/lbm to about 20,000 1bfes/lbm; iii) unit-power-handling capability well matched to
useful power supplies (kilowatts to megawatts); iv) simplicity; v) reliability; vi) engine
lifetimes of up to several thousand hours; and vii) flexibility to use propellant fluids that are
inexpensive, easily stored, readily available, and safe. All existing electric propulsion
technologies require some compromises on these attributes. For example, electrostatic ion



5

thrusters promise long life and high efficiency, but are not well suited to operation at the
relatively low specific impulse appropriate to Earth-orbital missions. By contrast,
electrothermal arcjets can operate effectively at lower specific impulses and with less exotic
propellants, but suffer from relatively low thrust efficiency and limited life.

Electric propulsion based on ECR plasma acceleration may avoid some of the per-
‘formance compromises which limit existing electric propulsion technology. We believe
that if the propulsion community fully develops ECR plasma engines, these devices may
someday operate at thrust efficiencies comparable to those of electrostatic ion thrusters and
throughout a range of specific impulses that encompass the traditional domains of both
thermal and electrostatic devices. Because ECR thrusters are electrodeless, they may pos-
sess an inherently long life and be capable of processing a wide Van’ety of propellant fluids.
On the basis of on our present understanding, minimum power-handling may be as low as
a few hundred watts. In principle, the only limit to maximum unit power-handling capabil-
ity is the practical limit on available microwave power. At the high end of the scale,
Minovitch (1983) has developed a conceptual design for an ECR device to operate at power
levels as high as several gigawaits.

An important component of an electric propulsion system based on ECR plasma ac-
celeration is the required microwave source. In the 1960s researchers (e.g., Crimi 1967)
viewed limitations on the efficiency and specific-mass performance of magnetron or
klystron microwave supplies as a significant problem for ECR propulsion. Technological
advancements since the 1960s suggest that microwave sources for electric propulsion may
deliver electric-to-microwave power conversion efficiencies of 85 to 90 percent, operational
lifetimes of several years, and specific masses of less than about 0.5 kg/kW (e.g., Brown
1987, Brown 1984, Brown 1981). These performance parameters for state-of-the-art mi-
crowave generators give good promise for the future of high-performance propulsion sys-
tems that use primarily microwave power. '

A complete propulsion-system design must be produced before ECR plasma accel-
eration can become practical for application to electric propulsion. In such a design, the ef-
ficiencies of both the microwave source and the engine are important, as are the total
propulsion-system mass and the power required by the solenoid coils. Superconducting
coils will require refrigeration systems, while normal conducting coils will require dedi-
cated direct-current electric power. Chapter 7 presents a first approximation to such an
ECR-propulsion-system design.



Figure 1.2 is a conceptual schematic that shows an ECR plasma engine for beamed-
energy propulsion based on past studies by Minovitch (1983) and by Sercel (1987). In this
application, a remotely located transmitter would launch a microwave beam toward the
spacecraft. On the spacecraft, a parabolic antenna would focus the microwave power into
the engine. This arrangement will free the spacecraft from carrying an expensive or mas-
sive onboard power supply with a propulsion system that operates at specific impulses
previously achievable only by electric propulsion. Because the collector would have to be
large to intercept a microwave beam transmitted over useful distances, the area mass den-
sity of this antenna will have to be quite low. One very lightweight design uses an inflated
antenna™ to receive the incoming microwave radiation, as shown in Fig. 1-2.
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Fig. 1.2 ECR plasma engine in beamed-energy propulsion

The transmitter in such a beamed energy propulsion system could be located on the
ground or in orbit. If a ground based transmitter is used, relay antennas would be required
in space to deliver the beam to the spacecraft when the spacecraft is beyond the horizon.

* Inflatable antennas are an advanced technology that are scheduled to be flown by NASA
in 1995.
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Such relay antennas might still be needed in a scenario based on orbiting transmitters
depending on the details of the mission requirements. These systems-level issues have
been addressed by Brown (1985) and by Sercel (1987). A fundamental limitation to the
application of beamed energy propulsion is the divergence of the power beam due to
diffraction. The effect of diffraction in beamed energy propulsion is to limit the maximum
transmission efficiency for a given antenna size. For the 2 GHz microwave frequency of
the device studied in the present work, equal sized transmitter and receiver apertures of 100
m diameter will provide over 90 percent efficient transmission to distances up to 100 km, a
range close to the requirement for ground to low Earth orbit perigee maneuvers. By
increasing the microwave frequency to 22 GHz, the transmission range could be increased
to 1000 km, useful for a variety of orbital maneuvers.

The most ambitious advanced application of ECR plasma acceleration that we have
envisioned is its potential use as an engine for a propulsion system based on magnetic-con-
finement nuclear-fusion. Logan (1986) has proposed harnessing the microwave syn-
chrotron radiation that magnetic confinement fusion reactors would produce. His analysis
suggests that up to two-thirds of the fusion power output of a D-He3 reactor can be ex-
tracted in the form of microwave radiation. We suggest the possibility that low-loss
waveguides can couple this microwave power out of the fusion reactor cavity. If mi-
crowave power can be extracted from a fusion reactor in this manner, it is reasonable to
speculate that it could then be delivered directly to an ECR plasma accelerator to provide
power for an extremely high-performance spacecraft propulsion system. To date, no de-
tailed systems analysis of this idea has been conducted.

1.3  Hist Related Research

In the 1960s, three groups of researchers first investigated ECR plasma acceleration
for its potential application to spacecraft propulsion. Included among these early groups
were General Electric Company (e.g., Miller et al. 1965 and Crimi 1967), NASA LeRC
(Kosmahl 1967), and the University of Tokyo (Nagatomo 1967). These groups accom-
plished enough research to verify some important features of ECR plasma acceleration. At
the time of the investigation, however, microwave sources were quite massive and ineffi-
cient. Meanwhile, the propulsion research community was making significant progress on
direct-current electric propulsion devices that showed promise of acceptable performance
using the technology and analysis tools of the day (e.g., Jahn 1968). By the middle of the
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1960s, these factors had led to a hiatus in research on ECR plasma acceleration that lasted
about twenty years.

The Space Sciences Laboratory of the General Electric Company (GE) conducted the
majority of the early experimental work on this type of plasma accelerator. In this ex-
perimental effort, several different ECR plasma thrusters were tested. Various arrange-
ments of gas-injection schemes, waveguide designs, and window materials were evaluated.
Thrust was measured for a variety of configurations at power levels of up to a few kilo-
watts using various propellants. The GE group was the first to make the important obser-
vation that the ECR phenomenon couples over 95 percent of the incident microwave power
into the plasma stream.

At specific impulses of a few thousand seconds, Miller et al. (1965) reported a
maximum efficiency of 40 percent for conversion of microwave power to jet power.
However, the GE researchers later called into question the validity of many of their early
thrust measurements (e.g., Crimi, Eckert, and Miller 1967). They suggested that the
entrainment of gas from the vacuum chamber into the plasma heating region was increasing
the effective mass flow rate and producing erroneously high thrust. In measurements not
subject to concern over gas entrainment, thrust efficiency was only about 10 percent, and
specific impulse was less than 2000 1bfes/lbm. Electron temperature measurements in the
plasma heating region suggested that the acceleration mechanism effectively converted the
flux of electron thermal energy into jet power. The GE group concluded that an unknown
mechanism prevented optimal accelerator performance by robbing the electrons of their
thermal energy before this energy could contribute to plasma acceleration.

Crimi (1967) suggested that the unknown loss mechanism was line radiation caused
by electron-atom inelastic collisions. However, our analysis (see Sections 2.1.3 and 4.3)
concludes that line radiation could not have been responsible for the magnitude of the ob-
served energy loss. We now understand that plasma in the GE experiments was diffusing
to the walls of the accelerator across magnetic field lines. This radial motion was probably
responsible for the measured low thrust efficiencies. It may now be posSible to limit this
loss mechanism through careful accelerator design using the theory developed in this thesis
(see Section 2.1.4 and Chapter 4).

Kosmah! (1967) at Lewis Research Center (LeRC) published the first theoretical
analysis of ECR plasma acceleration several years after the initiation of experimental work
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at GE. In his work, Kosmahl assumed conservation of the electron-cyclotron dipole mo-
ment, zero collisions, and axisymmetric steady-state magnetic fields. A significant conclu-
sion of Kosmahl's analysis was that the plasma trajectories cross the magnetic field lines,
even without particle collisions, and that the plasma can emerge as a well-defined beam.

Kosmahl defined a propulsive efficiency to account for thrust lost due to radial ac-
celeration of the plasma that can take place during separation from the magnetic field. He
found that this propulsive efficiency depends primarily on the solenoid geometry and the
position of the ionization region. His results suggest that propulsive efficiency losses from
beam divergence can be as low as a few percent. We have modified and extended
Kosmahl's dipole-moment calculation (see Section 2.2).

A review of the experimental work on ECR plasma acceleration, published by
Nagatomo (1967) at the University of Tokyb, indicates that the research performed by the
Japanese was directed at experimentally obtaining a fundamental understanding of the na-
ture of the acceleration mechanism. Nagatomo developed several useful measuring tech-
niques that gave accurate information on the basic physics of this process. Specifically,
Nagatomo used i) small, sensitive electromagnetic probes to measure microwave field
strength within the accelerator without disturbing the plasma; ii) emissive probes to mea-
sure the electrostatic potential of the accelerating plasma; and iii) a simple thrust balance to
provide a direct measurement of the propulsive force between the plasma and the solenoid
coil. Scientific results of Nagatomo's work were inconclusive as to the feasibility of ECR
plasma acceleration for spacecraft propulsion.

Although not directed specifically at a propulsion application, a research program
conducted in France in the 1960s on an ECR plasma accelerator is relevant to the present
work. The Pleiade accelerator demonstrated that a diverging-field ECR device could de-
liver a well-collimated beam of argon ions at an energy level of 30 keV (Bardet et al. 1964).
This energy level corresponds to a specific impulse of over 35,000 Ibfes/lbm. Post (1989),
of Lawrence Livermore National Labofatory, has recently proposed a theory to explain
how the Pleiade accelerator could have delivered such a high-energy beam of ions. The
French experinients, together with Post's theoretical work, show that ECR plasma engines
will not be specific impulse limited. Rather, the important question to be resolved is, "At
what efficiency and at what power level can these devices be made to work for propulsion
applications?"
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Bornatici et al. (1983) have summarized the modern theory of the absorption of mi-
crowave radiation into a plasma by ECR. Most of the work on which they report is moti-
vated by the need for plasma heating in magnetic-confinement fusion research. A few key
differences exist between the application of ECR theory to fusion research and the applica-
tion of this process to spacecraft propulsion. First, the fusion community is interested in
much higher temperatures, typically several keV. Second, in the fusion application the
transfer of electron thermal energy to ion thermal motion is desirable. In the propulsion
application plasma dynamic effects must transfer electron thermal energy to the directed ki-
netic energy of the flowing plasma. Finally, the high magnetic fields associated with mag-
netic-confinement fusion research mandate radiation frequencies one to two orders of
magnitude higher than those required for the propulsion application. In summary, it is
much more difficult to apply ECR heating to fusion research than to plasma acceleration for
spacecraft propulsion. It is worth noting that interest in high-power, high-frequency, mi-
crowave sources for fusion research has been an important factor in the recent development
of high-power microwave sources, some of which might be useful for ECR propulsion
systems.

One final area in which research relevant to the present effort is being conducted is in
the development of ECR plasma sources for semiconductor etching. Groups in Japan
(Tobinaga et al. 1988) have conducted the majority of this work, which has the goal of ob-
taining accelerated ions with energies ranging from a few volts to a few tens of volts. An
important difference between the plasma-etching application and the propulsion application
of ECR plasma acceleration is that efficiency is not a prime concemn in plasma etching.
Therefore, the observation that ECR plasma etchers work at the appropriate energy levels is
sufficient knowledge, and semiconductor researchers have not conducted significant re-
search to uncover the details of the plasma-acceleration mechanism. We hope that the work
reported here will show how to improve ECR plasma accelerators for the etching applica-
tion, as well as for the propulsion application.

After reviewing the preceding discussion of the history of research on ECR plasma
acceleration, it is natural to wonder why we have chosen to resurrect this concept for de-
tailed feasibility study. Our motivation is three-fold: i) advancements in superconductor
technology since the 1960s and especially recent work in high-temperature superconductors
suggest that the mass and power consumption of solenoid coils for practical ECR plasma
engines may be acceptably low; ii) advancements in microwave generator technology
suggest that the mass of the microwave-power subsystem will be low and power-efficiency



11
will be high if state-of-the-art technology is used; and iii) advancements in the science of
plasma physics and the application of plasma physics to electric propulsion technology now
make it reasonable to expect that a quantitative scientific understanding of ECR plasma ac-
celeration can be used to design optimized devices with efficiency and specific impulse per-

formance higher than demonstrated in the 1960s. In particular, we are optimistic that the
~ models developed in the present research effort provide an understanding that will guide
future researchers to the design of efficient ECR accelerators.
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Chapter 2

THEORY OF ECR PLASMA ACCELERATION
2.1 implified Analysi

A comprehensive model of flow processes associated with ECR plasma acceleration is
reported in Section 2.3. However, before describing this analysis several important
phenomena should be discussed separately. These phenomena include i) the coupling of
microwave power to plasma at electron-cyclotron-resonance; ii) elastic-scattering effects;
iii) inelastic-collision losses; iv) diffusion of plasma across and along magnetic field lines;
and v) the conversion of kinetic energy of electron-cyclotron motion into directed kinetic
energy of the flowing plasma by expansion through a diverging magnetic field. To provide
a quantitative backdrop for this discussion Table 2.1 lists order-of-magnitude
characteristics and operating parameters of the ECR plasma device used in our experimental
work. The values given are approximate for typical conditions. More precise reporting of
data describing the research device is inciuded in Chapter 5. The calculations included in
Sections 2.1.1 through 2.1.4 and Section 2.2 are based on many simplifying assumptions
that are removed in Section 2.3. An important simplification of Section 2.1 is the neglect
of axial heat transport by electron motion, as discussed in Section 2.3 and the Appendix.

2.1.1 Coupling Microwave Power to Electron Motion

For the acceleration mechanism studied in this research to be useful, the gas atoms
must be ionized and energy must be added to the electron orbital motion. We accomplish
this by coupling microwave radiation to electron motion in an ECR heating region in which
the waveguide forces the radiation to propagate parallel to magnetic field lines. Textbooks
frequently address the coupling problem by treating the plasma as a continuum medium
with an index of refraction having both real and imaginary parts (Chen 1984). This treat-
ment gives well-known results that can be outlined in a few sentences. The propagating
radiation displays one cutoff and one resonance. The resonance occurs at the electron-cy-
clotron orbital frequency, which is the lower of the two frequencies. Below resonance,
propagation occurs in what is commonly referred to as the whistler mode, with some atten-
uation of the microwave power resulting from electron collisions within the plasma. At
resonance, ideal theory suggests that no propagation will occur; the plasma either absorbs
or reflects all the electromagnetic radiation.



Operating Parameters of Existing ECR Research Device

Table 2.1 Order-of-Magnitude
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Category Parameter Value
Device Characteristics R-F Power Level 1wo7 kW
Microwave Frequency 2.115 GHz
Accelerator Area 0.013 m2
Peak Magnetic Field On Axis 0.09T
Solenoid Diameter 0.4 m
Vacuum in Tank While Operating 10-5 torr
Working Fluid Argon
Mass Flow Rate 10-6 kg/s
Atom Flow Rate 1019 s-1
Plasma Parameters - Mean Electron Thermal Energy 102ev
Mean Ion Thermal Energy 10-1ev
Electron-Cyclotron Radius 104 m
Ion-Cyclotron Radius 103 m
Peak Atom Density 1018 -3
Peak Plasma Density 1017 -3
Debye Length* 104 m

In ECR plasma acceleration, damping due to Doppler broadening associated with

electron motion (an effect quite similar to Landau damping) has a favorable impact on the
reflection and attenuation characteristics of the plasma. Specifically, the resonance effect
occurs over a frequency band with a width corresponding to an appreciable fraction of the
field frequency (Ben Daniel 1963). Furthermore, particles being carried downstream from
their point of origin produce a gradual plasma boundary. This gradual transition from gas
to plasma further reduces reflection of the microwave radiation (Crimi 1967).

Crimi (1967) experimentally observed that these effects reduce reflection to negligible
levels, resulting in over 95 percent of the applied microwave power being absorbed into the

* The Debye length in this device is small compared to the linear dimensions of the
plasma. This allows the plasma to be treated as quasi-neutral.
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plasma at electron densities appropriate to ECR acceleration. We have confirmed that the
majority of the microwave power is coupled into the plasma. Our measurements suggest
that under certain operating conditions less than 10 percent of the microwave power is lost
to reflection from the plasma or transmission through the plasma. Crimi observed the
thickness of the heating region in his experiments to be a few centimeters. He concluded
that the thickness of the coupling region was relatively insensitive to experimental condi-
tions but was determined by electron damping and the magnitude of the magnetic-field di-
vergence.

The observation that the ECR heating region has a well-defined, small thickness al-
lows a simplification of the analysis of this device. Specifically, one can treat the ECR
heating process by assuming that the microwave power couples to the electron orbital en-
ergy in a known region with an assumed variation of coupled power per unit volume. We
assume that the microwave power couples to the plasma in a volume extending 2 cm up-
stream and 2 cm downstream of the theoretical plane of resonance (i.e., the plane at which
the ECR condition is met). The assumed dimensions of the coupling region were based on
the magnitude of the magnetic field gradient and on measurements of the electron
temperature.

2.1.2 Elastic-Scattering Effects

Elastic scattering of electrons has two important effects on the process of ECR plasma
acceleration. The first of these effects is dynamical friction on the electron motion. This
process tends to heat the electrons and can reduce the total energy available for plasma
acceleration. Second, the scattering of electrons upstream from the heating region into the
neutral gas region results in the presence of ions in the neutral gas region. These ions may
be produced by ionizing collisions between electrons and atoms or they can be carried there
by ambipolar diffusion. Excessive upstream flow of plasma can lead to large wall losses or
cause damaging sputtering of the dielectric window.

For the conditions given in Table 2.1, the characteristic time for electron-atom elastic-
scattering collisions is estimated to be of the order 10-6 s. We base this estimate on an
assumed elastic-scattering cross section of 5 x 10-20 m2 (see for example Jahn 1968).
The characteristic time for electron-electron-scattering collisions is ten to one-hundre