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(ABSTRACT)

Coaxial plasma accelerators have been the subject of
experimental and theoretical analysis since the 1950s.
Theories have evolved that predict subsets of the measured
data. This work separates coaxial plasma accelerator research
into two broad categories classified by the ratio of
accelerator discharge current to input gas flow rate. Devices
that operate with this ratio above a particular threshold are
called "starved" and the acceleration process 1is termed
"deflagration". Devices that operate below the threshold are
called "over-fed" and the plasma undergoes a compressive

energy conversion process termed "detonation".

Over-fed (detonation) plasma accelerators add energy to
the plasma through plasma heating and compression. The plasma
exhaust velocity is limited to the magneto-sonic velocity
which is nearly identical to the plasma Alfven velocity.
Measured energy conversion efficiencies for detonation plasma

accelerators have been typically less than 10%.



Starved (deflagration) plasma accelerators add energy to
the plasma by increasing the plasma kinetic energy. Thus, the
plasma exhaust velocities measured in the deflagration
accelerator exceed the plasma Alfven velocity by two orders of
magnitude. Measured energy conversion efficiencies for the

deflagration mode exceed 40%.

Two additional sub-categories have been defined. The
first is based on the number of acceleration stages. A single
stage device processes neutral gas into the accelerated
plasma. Multi-stage devices first ionize the neutral gas and
then accelerate it to the final velocity. Finally, plasma
accelerators with coaxial electrodes are classified by the
interval in which the electrical energy is transformed into

plasma energy.

A new theory was developed to explain the deflagration
plasma accelerator operation by examining the failures of
previous magneto-hydro-dynamic based theories. The new
theoretical treatment was used to develop a computer
simulation of the deflagration plasma accelerator process.
The theory and model were tested against experimental data for
single and dual stage deflagration accelerator devices. With
successful correlation achieved between the theory, computer
model and experimental measurements, changes were made to the
original accelerator, guided by modeling results. The new
deflagration plasma accelerator was tested and the results
closely matched the predictions for all key accelerator

performance parameters.
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1.0 Introduction, Overview and Nomenclature

This dissertation is a comprehensive study of the plasma
acceleration process described by the term deflagration.
Deflagration is the plasma acceleration equivalent to gas
combustion and expansion into a low pressure region. Counter
to the expansion based deflagration process is detonation, a
compressive gas propagation into a higher pressure region {1}.
The combustion analogy is a carry-over from the original work
on deflagration plasma accelerators started in the early
1960s.

Papers describing the generation of fast plasma beams
first began to appear in the early 1960s {2-5}. At that time,
the devices were laboratory curiosities used to further the
understanding of plasma beam generation. The material
contained in this work covers the historical development,
theory, modeling, past and present experimental research
results and practical applications of coaxial plasma
accelerators operating in what has been termed the
deflagration mode. Specific results obtained by a number of
independent investigative teams working in closely related
research areas will be presented and a correlation among their
results and applications will be made. These published
findings will be compared with theoretical, analytical and
modeling results developed by the author working in
conjunction with an experimental research tean. Specific
improvements to the present class of coaxial deflagration
plasma accelerators, proposed by the author as a result of the
theoretical and modeling work, will be presented aimed at
increasing beam energy and improving accelerator efficiency.
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Figure 1.1 is a cutaway drawing of a Cheng deflagration
plasma accelerator. This type of plasma accelerator was used
exclusively for the experimental and theoretical evaluation of
this work. (A 2-stage coaxial plasma accelerator, developed
and studied by Igor Morozov {6}, will also be evaluated using
the computer simulation developed by the author and Hause {7}
in Chapter 3.) The plasma accelerator is mounted in a vacuum
chamber pumped to a vacuum of approximately 10° Torr. The
valve between the supply of operating gas (at approximately 30
psig) and the evacuated inner region of the accelerator is an
electrically driven, fast acting gas valve. This type of
valve allows the accelerator to operate either in an
unswitched (voltage is applied to the electrodes before
allowing operating gas into the device) or switched (operating
gas is introduced into the acceleration chamber before voltage
is applied to the device electrodes) mode. The accelerator
has a solid outer anode and hollow center cathode with a very

high voltage potential (10 - 120 kV) across them.

The deflagration (expansion) process requires the
operating gas to expand into a vacuum with collisionless
ionization and acceleration of the resulting plasma as it
traverses the discharge region. A collisionless ionization
and acceleration process will occur if the mean free path
inside the discharge region is much greater than the width of
the discharge. The velocity imparted to the plasma by the
deflagration process is determined by the plasma accelerator’s
predominant mode of operation. The modes of operation that
apply to the deflagration (expansion) process are defined by
the author as transient and steady and are discussed in detail
later in this dissertation. These conditions apply to the
primary operating design of the coaxial deflagration
accelerator. Transient refers to the introduction of energy



into the plasma during the time the discharge transients are
evolving to an equilibrium condition. Steady operation refers
to the introduction of energy into the plasma after the
discharge transients have reached equilibrium conditions and

before other plasma instabilities occur.

The coaxial plasma accelerator can also operate in a
detonation (compression) mode which is characteristic of the
Marshall gun invented by John Marshall. Coaxial plasma
accelerators, operating in the detonation mode, can also be
operated in transient or steady conditions. The coaxial
plasma accelerator hierarchy shown in figure 1.2 begins with
the class of self-field plasma accelerators. This means no
externally applied magnetic or electric fields are present.
Limited work has occurred at NASA Lewis by Meyer, et al, where
the application of an external magnetic field at the exhaust
end of a self-field plasma accelerator achieved a doubling of
the energy conversion efficiency and higher plasma exhaust

velocities {8}.

Neglecting the application of external fields, the group
of coaxial, self-field plasma accelerators can be further
characterized by the ratio of operating gas flow to the device
charge flow requirements as will be discussed in Chapter 2.
The class of accelerators that operate in the over-fed
condition is synonymous with compressional or detonation
plasma accelerators. Examples of plasma accelerators
operating in the detonation mode are the Marshall gun
(invented by John Marshall) and the Lorentz force accelerators
under investigation by the electric propulsion community at

Princeton University.
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The class of accelerators operating in the starved input
flow conditions is characteristic of the deflagration or
expansion plasma accelerators which is the focus of this
dissertation. Deflagration plasma accelerators can be further
separated into two categories depending on the operating fluid
entering the main acceleration chamber. One group of
deflagration plasma accelerators injects ionized operating
fluid into the main acceleration region. This group of
accelerators can be considered as employing the equivalence of
a magnetic de Laval nozzle and magnetic vacuum expansion
(analogous to gas expansion into a pressure vacuum) as the
plasma acceleration process. The other group of accelerators
inject neutral gas which is ionized and accelerated in a
single stage. The single stage devices also accelerate the
plasma through the expansion of the plasma into a magnetic
field vacuum. The key element in this latter acceleration
process is the infusion of an internal magnetic field into the
neutral gas, before ionization. The magnetic field is frozen
into the gas during the ionization process because the
characteristic magnetic field diffusion time is very much
longer than the gas ionization process. This generates a
strong internal magnetic pressure. These basic concepts are
more fully explored later in this dissertation.

One additional level of deflagration plasma accelerator
can be characterized for both single and two stage devices.
This pertains to the length of time the device is operating in
the deflagration acceleration process; that is, whether the
acceleration occurs before or after the initial arc discharge
transients achieve equilibrium. This last distinction between
the types of coaxial plasma accelerators appears to hold a key
feature for various plasma accelerator engineering



applications because increasing the deflagration period

increases the total plasma beam energy.

For accelerators employing neutral operating gas, the gas
at a pressure of several atmospheres, is fed through the fast
acting valve and expands into the chamber through a gas
orifice. When the correct conditions have been achieved
inside the accelerator, gas particles become ionized and allow
an electrical breakdown to occur in the device. The breakdown
process is extremely complex and can be characterized either
by a streamer (arc) formation or a diffuse charge carrying
volume. For proper accelerator operation, the streamer
discharge must be avoided. The preferred diffuse electric
discharge region carries an electric current between the
electrodes and establishes a magnetic field in the accelerator
due to the motion of the charged particles along the
electrodes and through the discharge zone.

In the transient mode of operation, the operating gas in
the immediate vicinity of the discharge 2zone is presently
thought to be photoionized during the arc discharge formative
period. This is due to the very fast discharge formative
times (much faster than can be predicted using the avalanche
or Townsend breakdown). The ionized plasma is accelerated
away from the discharge region by the large magnetic field
gradient (gradient in the magnetic pressure) that the initial
discharge produces. In this mode, the exhaust plasma is
characterized in the 1literature by short-lived, very 1low
plasma densities (on the order of 10'°-10'" particles per cm’)

and very high plasma velocities (greater than 10® cm/sec).

After this initial burst of plasma is over and the
electric discharge is well (although not yet fully) developed

7



in the accelerator, a transition to quasi-steady state
operation occurs. In the steady state mode of plasma
acceleration, the discharge region is formed between the
coaxial electrodes. The resulting magnetic field is generally
aligned orthogonal to the electric field between the
electrodes and most researchers characterize the ExB force as
the acceleration phenomena responsible for accelerating the
plasma to very high velocities. This mode of plasma
acceleration is considered to be quasi-steady and the exhaust
plasma has been reported {9} to have a much higher peak
density (greater than 10! particles per cm’) and somewhat
lower velocities (approximately 3x10° m/sec). These are
typical values for plasma beam density and velocity and are
strongly influenced by the accelerator geometry as will be
shown later in this work. However, the total plasma beam
energy can be appreciably larger than that produced during the
transient start-up stage due to the greater particle density
that undergoes acceleration during a sustained deflagration
process which ultimately provides greater total beam mass.

In both transient and sustained operation, the exhaust
plasma produced is quasi-neutral and therefore we considered
it on a macroscopic scale as a neutral plasma beam. An
illustrative mathematical treatment of the acceleration
forces, as presented in an updated (by the author) single
particle dynamics model, is contained in Chapter 2. This
mathematical description uses the conservation of mass,
momentum, energy and Maxwell’s equations, coupled with a two-
species modification, to derive the magneto-hydro-dynamic
(MHD) flow. Three computer simulations of the plasma beam

generation are discussed in Chapter 3.



Reported applications for this «class of ©plasma
accelerator that will be discussed include:

- controlled fusion

- machine construction

- high impulse space thruster
- ionosphere modification

Using plasma accelerators for controlled fusion, as
described by Igor Morozov {10}, requires two or more devices
to inject high energy plasma into a magnetic containment
device. The goal for the injected plasma in this research
include a total beam energy of 10 Joules, individual ion
energy of 10* eV and a beam pulse length of 1-10 milli-
seconds. These plasma beam goals are strongly influenced by
the plasma fusion containment vessel loss characteristics.

Significantly less robust accelerators may be used for
machining metal pieces, semiconductor ion etching and surface
work hardening of metals. In addition, coaxial plasma
accelerators have been proposed for use in low earth orbit to
modify the ionosphere characteristics by injecting a high
energy neutral plasma beam. This injected beam would produce
a charged particle stream as the beam interacts with the
ionosphere molecules, creating regions with high ionization
densities (much like meteor trails). These regions could then
be used to propagate electro-magnetic waves well beyond the
normal line-of-sight ranges for communication or surveillance
purposes.

Space based plasma accelerators have been proposed {11}
for thruster applications where moderate thrust (2-200 Nt) is
required at high specific impulse (I, on the order of 5 x 10*

9



sec). The preponderance of research in this area to date has
concentrated on continuous flow, low power devices operating
in the plasma compression mode {12-16}. These plasma engines
suffer from significant anode power losses due to heating, but
have achieved electrode lifetimes in excess of 180 hours.
Electrode failures have been primarily due to cathode erosion
and material failure leading to separation of the cathode rod
from the coaxial support structure at the breech insulator.
Significant work has been performed on compression plasma
accelerators at both NASA Lewis under D.C. Byers and Princeton
University under Dr. Robert Jahn and Arnold Kelly. Very
limited research was performed in the 1960s-1970s concerning
the use of deflagration plasma accelerators for thruster
applications by Dah Yu Cheng {17} and a separate team of
investigators at General Electric Corporation {18}.

According to published experimental results {19-23}
coaxial plasma accelerators, operating in the deflagration
(expansion) mode, have produced plasma beams with a total beam
energy of 10° Joules, plasma velocities in excess of 8 x 10’
cm/sec, densities up to 3 x 10 particles per cm’, pulse
lengths greater than 100 microseconds and efficiencies of 30-
43%. Most of these results were obtained using hydrogen as
the operating gas and approximately 2.5 x 10° Joules of stored
electrical energy. Some reports {24} have claimed to produce
3 x 10* Joules of energy in the fast, transient portion of the
beam with efficiencies of up to 10% and pulse lengths of 1-2
microseconds. The published work investigating the transient
mode of operation also uses hydrogen as the operating gas.

There are numerous features that limit the operation of
the deflagration plasma accelerator. One characteristic
element that has not been thoroughly studied experimentally is

10



the effect on the accelerator performance due to wvacuum
chamber pressure. Our research work has used vacuums in the
range of 10° to 107 Torr. The Soviet work {25} reports using
vacuum levels of 10° Torr. No systematic study of the effect
of vacuum pressure on device operation has been reported in
the literature to date. Limited testing to determine the
effects of background vacuum pressure was performed during
this research. The main feature of the experiments
demonstrated that an early discharge (discharge event
occurring without input gas injection) in the unswitched
system could not be avoided when the background vacuum level
was greater than approximately 10* Torr. This observation
became a critical element during analysis of the discharge
formation process (discussed later) by establishing the
minimum breakdown discharge gas density. Computer simulations
have been performed by a member of the experimental research
team (Holland) which take into account detailed scattering
cross section data to evaluate the plasma beam scattering as
a function of the accelerator chamber (hence vacuum chamber)
pressure. The simulations also do not consider the discharge
formation process.

Another significant feature that has hampered
investigations of the transient mode of plasma accelerator
operation in the past has been the development of fast
switching, high current and high voltage pulsed power
supplies. The most often used primary power supply for the
plasma accelerators is a bank of low inductance capacitors
charged to a high operating voltage. Capacitor energy is
limited by a requirement to withstand very high back voltages
that occur across polarization sensitive electrolytic
capacitor banks due to under-damped energy sinks (loads) and
circuit ringing (resonance) due to electrical circuit

11



inductance and capacitance. Until recent improvements in
capacitor design and fabrication, most primary power supplies
were limited to delivering a peak current in the range of 350
kilo-Amperes with a half-cycle time of 10 or more
microseconds. Initial plasma beam accelerator research led to
the conclusion that extremely fast current rise times and high
peak currents were required to produce the transient fast
plasma beams. Research into the steady-state operating regime
of the plasma accelerators, however, had the luxury of not
requiring fast rise-time primary power supplies, but required
high sustained current for relatively long periods of time (in
excess of 100 microseconds). Therefore, inductive storage
systems have been employed for source energy in a number of
plasma accelerator research efforts {26}. This paper presents
data from experiments that employed very fast current rise
time (up to 1 Mega-Ampere in less than 2 mnicroseconds)
capacitive power supplies exclusively.

To fully realize the deflagration (expansion) plasma
accelerator process, operation into a vacuum is a necessary
but not sufficient condition. One must prevent the formation
of plasma compression waves or plasma compression regions
inside the accelerator. Several techniques may be applied (as
will be discussed later). The parameter that characterizes
the fundamental accelerator operation is based on the
operating gas mass flow rate and is referred to as either an
under-fed (starved) or over-fed condition. These terms refer
to the ratio of gas particle flow rate entering the device
divided by the charge carrier flow rate required to carry the
discharge current (assuming single ionization of the operating
gas). If this ratio is less than 1, the accelerator is
considered to operate in a starved or under-fed condition. If
this ratio is greater than 1, the accelerator is operating in
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an over-fed condition. When the ratio equals 1, the plasma
accelerator is considered to be operating with a "matched" gas

flow condition.

Numerous researchers have found that operating plasma
accelerators in the starved gas mode can lead to severe
electrode erosion; particularly, anode erosion. This
observation is counter to intuition as the current density at
the inner cathode is much higher than at the outer anode.
Further explanation of this effect will be presented in
Chapter 2. Note that coaxial plasma accelerators, operating
in the overfed compression mode, tend to have center cathode

erosion failures.

1.1 Thermodynamic Perspective

In a system, free energy (source) is converted into a
variety of system states (sinks) including random thermal
energy (heat), directed (kinetic) energy or internally stored
(potential) energy. Considering the addition of energy to a
plasma, acceleration competes with dissipative factors for the
free energy added to the plasma. Plasma instabilities tend to
accelerate the global thermalization process {27}. That is,
instabilities become a short-cut to dissipative energy
distribution. Plasma instabilities can operate up to six
orders of magnitude faster than inter-particle collisions in

redistributing free energy in a plasma.

An accidental feature of these plasma instabilities has
been the historical pursuit of plasma accelerator operation in
a transient acceleration mode which converts free energy into

directed kinetic energy before initial discharge instabilities
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reach their peak effect. This operating region is typically
in the interval from initiation of the electric discharge to
about 2 usec. The observed energy conversion efficiency (from
electrical discharge-to-plasma directed energy) is less than
10% for transient accelerator operation. Steady-state and
quasi-steady-state plasma accelerators operate in the time
interval between the initial discharge instabilities and
slower developing bulk plasma instabilities. This interval is
typically from 5-100 usec after the discharge begins.

The bulk of published research of coaxial plasma
accelerators has examined the Lorentz force accelerator {28-
33} shown in figure 1.3 that operates in the plasma
compression regime. A lesser known method of plasma
acceleration termed "deflagration" showed promise for
providing much higher energy conversion efficiencies (in
practice, about 45%), an ability to tailor the plasma beam
velocity to suit operational requirements and reduced
electrode erosion in the discharge region during operation.
The deflagration plasma accelerator operates along the
thermodynamic path herein named the "Cheng Deflagration Cycle"
which will be examined in section 2. This title is used to
avoid confusion with the Cheng Cycle defined for turbine
systems. The term "cycle" may at first seem inappropriate to
the reader until after examining section 2 (the theoretical
basis for the deflagration process) because the deflagration
plasma accelerator does not appear to follow the common
closed-loop cycle. However, more detailed examination of the
second law of thermodynamics {34}, that considers higher order
effects as the rate of change in entropy, concludes that a
cycle need not be closed in the classical sense. Therefore,
labeling this process the Cheng Deflagration Cycle seems to be
appropriate.
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1.2 Lorentz Force Plasma Accelerator

Plasmas can be actively accelerated using electro-
magnetic forces through a number of physical phenomena. The
most closely related technique in general practice is that of
the Lorentz force acceleration (both transient and steady-
state). The Lorentz force accelerator uses the plasma body
force generated by the cross product of the 1local current
density and the local magnetic field vectors for acceleration.
The magnetic field responsible for the Lorentz force is
assumed to be the one induced by the discharge current flowing
orthogonal to the main plasma stream. Because a portion of
the plasma is required to provide charge carriers for the
discharge region, the term self-induced magnetic field is
used. This dissertation will only be concerned with a coaxial
accelerator geometry shown in figure 1.1. Given a coaxial
electrode geometry, the induced magnetic field is strictly
azimuthal for a uniform (symmetric) discharge. The Lorentz
force vector JxB has both radial and axial components which
confine and accelerate the plasma. This mode of plasma
acceleration is also referred to as electro-magnetic.

Research has shown that input electrical power is not an
appropriate scaling factor for this type of accelerator. 1In
fact, the Lorentz accelerator can be made to operate almost
regardless of input power level through the proper choice of
operating and geometric parameters. The Lorentz force
accelerator efficiency, however, is strongly influenced by the
power level due to energy sinks such as anode heating losses
which scales with power {35}.
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1.3 Deflagration Accelerator

The deflagration accelerator derives its name from an
analogy to combustion theory. In combustion theory, two well
defined thermodynamic states can exist with the addition of
energy into the system. The first is called detonation, where
the combustion gases are compressed and heated. The second is
known as deflagration, where the gases are expanded. This
analogy, when applied to the two classes of plasma
accelerators, correlates the classic Lorentz force accelerator
(Marshall Gun) with detonation and the Cheng process with

deflagration.

Gaseous mixtures can be accelerated or heated in
classical combustion processes. This can also be described as
achieving pure work (no entropy change) or achieving pure
heating (total entropy change) with a change in energy states.
In general, energy changes in a system occur through a
combination of the two extreme states.

The chemical energy released during combustion, which is
converted into gas energy, takes place in the combustion
region. The manner in which the gas receives the chemical
energy (heat or acceleration) is not uniquely specified in
classical combustion theory. Conservation of mass, momentum
and energy provide two possible solution sets which are called
detonation and deflagration.

For magneto-plasma-dynamic processes, the chemical energy
released during combustion can be replaced by electromagnetic
forces acting on the plasma or Ohmic heating of the gas. The
resulting forces on the plasma by electromagnetic processes
are characterized by the sum of hydrodynamic and magnetic
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