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PREFACE

This research focuses on understanding the physical mechanisms underlying the
formation of large anode sheath potentials [sheath potentials that are significant fractions
(>0.5) of the total discharge voltage] in low pressure arc discharges that are immersed in a
transverse magnetic field. An understanding of these processes can provide much insight
into methods for reducing such sheath potentials. NASA and the private sector in general
are interested in understanding these processes because the potential distribution at the
electrodes of plasma accelerators used for space propulsion (i.e. orbit maintenance of
communication satellites) determine erosion phenomena, which determines engine lifetime.
and power losses at the electrodes, which determine engine overall efficiency. The low
pressure discharge under transverse magnetic field conditions is a configuration utilized in a
number of electric propulsion devices that rely on Lorentz forces for thrust production. In
such systems the anode fall voltage term dominates anode power deposition. For example
in magnetoplasmadynamic (MPD) thrusters, the power deposited into the anode driven by
large anode fall voltages can be in excess of 50% of the total input discharge power. In
order to study the anode fall problem, a D.C. plasma diode is used to generate a low
pressure discharge. An electromagnet provides a uniform transverse field in the near-anode
region. In addition, a coil coaxial with the anode is used in this study to impose varying
axial magnetic fields at the anode surface and in the near-anode region. Langmuir probes
and emission spectroscopy are used to measure plasma properties in the near-anode region
as a function of the magnetic field. Water calorimetry is used to measure actual power flux

deposited into the anode.



A number of significant results were obtained from this study. During the near-
anode characterization phase of this study. it was found that the anode fall voltage is a
strong function of the relative available transverse current and local electron number
density.

This finding is significant in that it exposes the major variables that determine the
anode fall voltage. Guided by the findings of the characterization study. an auxiliary
discharge was used to modify plasma properties in the near-anode region at a fixed
transverse magnetic field strength. It was found that the increases in the electron number
density associated with the operation of the auxiliary discharge gave rise to significant
reductions in anode power deposition and in the anode fall voltage. This finding is also
significant in that it suggests a means of reducing the anode fall voltage under transverse
magnetic field conditions. In another part of this research, an axial magnetic field was
found to have little effect on the measured anode fall voltage at a fixed transverse magnetic
field. The independence of the anode fall voltage on the axial magnetic field is significant
in that it suggests that re-interpretation of findings of previous studies concerning the effect
of magnetic field angle on anode fall voltage may be necessary. Finally, a numerical model
was developed to predict the variations in anode fall voltage with transverse magnetic field
strength. The model's predictions were in good agreement with measured anode fall
voltage variations in response to the changing transverse magnetic field. This finding is
significant in that it demonstrates that the postulated physical processes of the model
represent important physical aspects of the problem, particularly in the limit of large
transverse magnetic field. In this respect, the model can be used as a guide in predicting
anode fall behavior as a function of the transverse magnetic field in plasma thrusters. Even
though the potential for application of this research is largest in the electric propulsion
community, the research findings may have some applicability in the plasma processing
community (i.e. coaxial plasma sprayers) and in the lighting industry (minimizing

electrode losses in plasma light sources).
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Exploration of the solar system and beyond requires the development of new and
improved rocket propulsion systems. Whether a given rocket system can be realistically
used for such energetic missions largely depends on the whether the rocket engine can
impart the necessary change in velocity, Av, to the payload as quickly and economically as
possible. Present chemical rockets fall far short in achieving these goals. In general, the
fuel needed for a given mission rises exponentially with Av. This assertion is based on the

rocket equation:

M. Ay
i _ =4, 1.1
M, exp( u, ) (L.

Here L ié the ratio of the initial mass of the rocket including fuel to the final mass of the
f

rocket at the end of the fuel burn and «, is the effective exhaust velocity of the rocket.

According to the rocket equation, the fuel requirements for a given mission grows
exponentially with Av. Because a chemical rocket’s exhaust velocity is limited to the
chemical energy released in the combustion chamber, «, for all practical purposes is fixed;
therefore, such systems cannot offset the exponential rise in fuel requirements for highly
energetic missions. In general, chemical rockets are not well suited for those missions
where the mission Av is much larger than 5000 m/s, which roughly corresponds to the

maximum exhaust velocity attainable with conventional systems.



Electric propulsion systems on the other hand offer unique advantages over
traditional chemical rockets. Electric propulsion itself is a facet of rocket science that deals

with those engine systems which generate thrust by electrical means. These systems can

. . . M, . . .
minimize the mass ratio requirement, w by increasing the exhaust velocity. In general.
!

the input electrical energy goes into increasing the kinetic energy of the fuel, thus providing
a wide range of exhaust velocities for which these systems can operate. These devices are
typically low thrust and usually require longer thrusting times to achieve the required Av
than their higher thrust. low exhaust velocity chemical rocket counterparts.

The basic electric propulsion thrust production schemes are illustrated in
Figure 1.1. In general. the various electric propulsion devices can be categorized into three
groups. The first category is electrothermal acceleration. This category, which in general
is the simplest. includes engines which generate thrust via the application of thermal energy
to the propellant by way of an electrical heating element. The electrothermal system
illustrated in Figure 1.1 is that of an arcjet which utilizes an electric arc struck between two
electrodes to heat gas flowing through it. The expansion of this hot gas through the nozzle
generates the thrust. The second category of electric propulsion is electrostatic acceleration.
Here large electric fields are used to accelerate the charged particles of a plasma to generate
thrust. The electrostatic system illustrated in Figure 1.1 is an ion engine. The ion engine
utilizes a set of closely spaced grids to extract ions from the discharge plasma and accelerate
them rearward to generate thrust. An additional device called a neutralizer is used to inject
electrons into the ion beam to neutralize it and to prevent the engine and spacecraft from
charging negatively. The final category of electric propulsion is that of electromagnetic
acceleration. Here, it is the interaction between the electric and magnetic fields and the
plasma that generates thrust. Typically, such systems utilize orthogonal electric and
magnetic field geometries so that Lorentz forces acting on the plasma accelerates it out of
the device. The electromagnetic system illustrated in Figure 1.1 is that of a

magnetoplasmadynamic (MPD) thruster. In this device, a large kiloamp discharge arc



generates a strong self-magnetic field. It is the interaction between this self-magnetic field

and the plasma current that "blows" the plasma out of the device thereby generating thrust.
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Fig. 1.1. Electric Propulsion Devices.



In general. for electric propulsion systems. power supply mass scales linearly with
output power level. In addition, at a fixed thrust. the exhaust velocity scales linearly with
thruster input power level.! As mission requirements become more energetic. the required
power level and the associated power supply mass increases proportionally. I[deally, one
would like to minimize power supply mass so that for a fixed rocket mass, more payload
can be carried on a particular mission. In order to maximize payload mass for a given
rocket mass and exhaust velocity, one requires that the engine operate as efficiently as
possible. Understanding and characterizing the efficiency of an electric rocket is an
important aspect of engine development. A great deal of insight in terms of understanding
the efficiency and life-time of an electric propulsion system can be obtained by
understanding the processes that occur at the electrodes of these devices. The relatively
large importance that the electrodes play in determining operating characteristics of D.C.
plasma devices cannot be overemphasized for it is at the electrodes where significant
potential gradients can exist. Such potential differences at the electrodes play an important
role in determining the nature of the energy exchange between the plasma and the physical
electrodes.

Indeed, the importance of understanding near-electrode processes is dramatically
illustrated by energy loss phenomena occurring at the anode of MPD thrusters. Here
energy losses to the anode of these devices can account for over 70% of the input discharge
power.2 Of all the electric propulsion systems, only the MPD offers both high exhaust
velocities and high thrust.! Typically, these devices are operated at power levels in the 100
kW to | MW range. With electrical inefficiencies of greater than 70 percent. providing
high power to the device to achieve reasonable performance while managing the waste heat
becomes a daunting task. Because of such misgivings these systems are not presently
being considered for space applications.

The energy inefficiency problem associated with anode power deposition in MPD

thrusters has been shown to be related to the large anode fall voltages that form under the



influence of the transverse magnetic field present during engine operation.3 Because a
number of electric propulsion systems including MPD engines utilize crossed-field
configurations to generate thrust. the need to understand specific plasma-electrode
interactions under transverse magnetic field conditions naturally arises. Again such an
understanding would not only provide insight into the nature of inefficiencies associated
with near-electrode phenomena under the influence of a transverse magnetic field, but also
insight into the nature of engine life-time because large potentials at the electrode can drive
erosion processes there. The primary goal of this research then is to understand why
energy losses at the anode are so large and to determine how these losses can be
significantly reduced based on an understanding of how the near-anode plasma behaves in
response to changes in an applied transverse magnetic field. These objectives are
undertaken by thoroughly investigating the effect that a transverse magnetic field has on
anode sheath potentials using a low-pressure arc configuration designed to simulate near-
anode conditions found in 100-kW-class MPD thrusters.2 The relevance of this study to
MPD thruster research is related to the fact that both the self-field and the applied axial
magnetic field present in MPD thrusters are perpendicular to current flow as is simulated in
this investigation. This information is not only of practical value to the electric propulsion
community, but also of fundamental importance to understanding the nature of the anode
fall region under the influence of a transverse magnetic field.

The general approach to this research is comprised of a number of stages. Itis
postulated that the changes in local plasma properties near the anode brought on by changes
in the magnetic field ultimately affect the anode fall voltage and the associated anode power
deposition. Accordingly, the first stage of this research entails characterizing near-anode
plasma properties via Langmuir probes, emission spectroscopy, and water calorimetry.
The purpose of this stage is to experimentally determine the behavior of the anode fall
voltage in response to variations in measured near-anode plasma properties brought on by

changes in the transverse magnetic field. In addition, the effect of an axial magnetic field



on the anode fall voltage is investigated. With the empirical findings from the
characterization study as a guide. the second phase of this research involves externally
varying near-anode plasma conditions at a fixed transverse magnetic field to determine if
the expected anode fall voltage behavior occurs. Finally, the last stage of this research
comprises using scaling relations determined from the previous two stages to develop a
model that analytically describes the effect that a transverse magnetic field has on anode
sheath voltages and ultimately on anode power deposition. This facet of this investigation
also includes comparing the model to experimentally determined results.
1.2. A Physical Description of Phenomena Associated with Arc

Discharges

The discharge type utilized in this study is that of a low-pressure electric arc. The
electric arc itself is a self-sustaining high current, low impedance plasma discharge. In
comparison to glow discharges, the electric arc owing to a relatively high cathode emission
current, does not rely heavily upon electron amplification to sustain the discharge.4
Typically unmagnetized arcs are associated with low discharge voltages (less than 100 V)
and correspondingly low potential drops near the electrodes. These potentials at the
electrodes are shielded from the rest of the plasma via space charge layers called sheaths.
Indeed the only appreciable steady-state electric fields that can exist in a discharge are those
that are confined near the electrodes due to the effect known as Debye shielding. [n the
case of unmagnetized arcs, electrode sheath voltages rarely exceed the ionization potentials
of the working gas; as a result, energy loss and erosion phenomena at the electrodes are
minimal. The low impedance nature of this type of discharge makes it an attractive plasma
sources for electric propulsion applications. Indeed, the electric arc is a common discharge
utilized in many electric propulsion systems ranging from arcjets and ion thrusters to MPD
engines.

In order to isolate the relevant physics occurring in the near-anode region of an arc

discharge under the influence of a transverse magnetic field, a simple D.C. plasma diode



configuration consisting of a cathode and coaxial but planar anode is employed (see Figure
1.2). The arrows in Figure 1.2 denote the direction of electron flow. A set-up of this type
was chosen not only because of its simplicity but also because it allows for the analysis of
the problem in a more fundamental manner, yielding results of a more general nature than

would be otherwise obtained if an actual electric propulsion device were used.
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Fig. 1.2. Diagram of an Electric Arc.

1.2.1. The Anatomy of an Electric Arc

The arc discharge can be divided into three regions (see Figure 1.2): 1.) the
cathode fall region, 2.) the positive column, and 3.) the anode fall region. Each region
performs a task necessary for the maintenance of the arc. The cathode fall region, which is
associated with a potential rise between the cathode and the adjacent positive column. has a
number of functions. The cathode fall region is a major energy source for the entire
discharge. This potential rise injects cathode electrons into the positive column. There the

electrons collide with gas atoms thus generating electron and ion pairs as well as exciting



heavy particles electronically. The energy gained by electrons accelerated across the
cathode fall is not sufficient to sustain arc currents (>1 Amp) through electron
amplification: therefore. the electron/ion pairs formed via electron bombardment of neutrals
contribute to only a small percentage of the total discharge current. Because the arc's
typically low cathode fall voltage is insufficient to achieve large currents via muitiplication.
large cathode emission rates are necessary. With the cathode electron emission rate
accounting for over 70% of the total electron discharge current, it is the cathode that is the
major supplier of discharge electrons. Such copious emission is made possible primarily
through thermionic emission at the cathode surface. Although thermionic emission is a
major source of these discharge electrons, the electric field associated with the cathode fall
region does enhance electron emission via field and field-thermionic emission. Another
key function of the cathode fall region is to attract and accelerate ions that drift into this
region from the positive column. This ion current to the cathode, usually accounting for
less than 30% of the total discharge current, deposits energy gained from acceleration
across the cathode fall into the cathode body, thus allowing the cathode to maintain its
thermionic emission temperature which typically exceeds 2000 C.4

The positive column, located between the cathode fall and the anode fall regions.
functions as a conductive path that electrically connects the two fall regions together. The
electric field associated with this region is typically small owing to the shielding of
potentials occurring at the anode and cathode by space charge layers. The non-zero electric
field that does exist in this region establishes electron drift toward the anode and ion drift
toward the cathode. Electron flow into this region from the cathode and the ionization
processes driven by these electrons maintain the conductivity of this region thus offsetting
diffusional and recombinational losses.

Because the electric field within the positive column is non-zero, the electrons in
this region can acquire energy from this field. A fraction of this acquired energy is lost via

inelastic collisions with heavy particles. The power per unit volume dissipated in the



positive column by the drifting electrons is J - E. This quantity can be related to the

average energy that an electron gives up per collision, AU :

J-E=nyv AU (1.2)
Here v, is the electron-heavy particle collision frequency. J is the current density, and E is
the electric field. In thermal electric arcs, the energy exchange between the electrons and
heavy particles is sufficient to produce an equilibrium system where T, =T, = T,. Here T,

is the electron temperature, T, is the ion temperature, and T, is the gas temperature. Such

conditions prevail in high pressure arcs where the operating pressures range between 0.5
and 1.0 ATM.45 As for this research and for many electric propulsion systems. because
T, # T, prevails, the plasma is in a non-equilibrium state.

The final region of the electric arc, which is the portion that is the subject of this
research, is that of the anode fall. This region is associated with a potential change that
either increases or decreases as the anode is approached from the positive column
depending on the operating conditions of the discharge. The primary function of the anode
fall in an electric arc discharge is to collect the current-carrying electrons. Under conditions
where the random thermal flux greatly exceeds the discharge current requirements under
constant current operation, the anode fall is slightly negative (electron repelling). Such a
potential gradient reflects just enough electrons so that the collected current is equal to the
discharge current. Under conditions where the thermal current is on the order of the
discharge current or slightly below, the anode fall region is positive (electron attracting).

Under certain positive anode fall conditions, ionization can occur in the anode fall region

thus providing the additional electrons needed to sustain the discharge.6



1.2.2. Electrostatic Sheaths and Their Role in Energy Transport

Phenomena
As mentioned earlier, unshielded potentials of appreciable magnitude, V > A;T" ,
2e

cannot be supported in the bulk discharge plasma. However, potentials of such magnitude
can be found near the electrodes. There these potentials are insulated from the rest of the
plasma via a space charge layer called a sheath. The anode and cathode fall regions of the
electric arc are actually space charge sheaths. Sheaths form when oppositely charged
plasma particles form *“clouds” or layers around a body immersed in the plasma. The

spatial extent over which the sheath potential is appreciable is called the Debye length:

2, = /k_T_E_ , (1.3)
ne

Here, n, is the electron number density, k is Boltzmann's constant, e is the elementary
charge of an electron, and €, is the premittivity of free space. This length scale, A, is the
ye spatial decay constant for the potential generated by a test charge placed into the
plasma. The potential distribution associated with an electrode or test charge is calculated

by solving Poisson’s equation:

eln—n) (1.4)
£

Q

Vi =

A Boltzmann distribution is used to describe the electron density :

ed
kT

e

). (1.5)

n, =n,-exp(

Here, @ is the potential of the plasma and n, is the background electron number density.

As stated earlier, shielding arises due to the formation of an encapsulating space charge

sheath of charge opposite to that of the electrode. A surface integral of electric field over
the surface of the sheath surrounding the electrode is essentially zero: § E-dA =0, which
N
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implies that the electric field at the sheath boundary is also zero. Again. the vanishing
surface integral is due to the fact that the total net charge in the volume surrounding the
sheath is zero.

In general, any unbiased (floating) body in contact with the plasma develops a
sheath. The sheath of such bodies function to regulate the flow of charged particles to that
body so that the net current to floating body is zero. The potential difference between a
floating body and the adjacent quasi-neutral plasma develops as a result of the disparity in

mobilities between electrons and ions. This disparity is a consequence of the small ratio of

. T; e )
ion temperature to electron temperature ( —- << 1) prevailing in low pressure discharges and
T,
€

the large ion to electron mass ratio. Under these conditions, a body initially thrust into the
plasma will charge up negatively due to the flow of the much more mobile electrons. This
initial layer generates a potential that impedes the flow of electrons to the body while at the
same time collecting the ions. As such, the potential distribution across the sheath adjusts
itself so that in its equilibrium configuration, the flux of electrons impinging upon the body
is equal to the flux of ions flowing to the body. The condition for a sheath to form at a

floating body is known as the Bohm Sheath Criterion and it requires that ions of mass M

. . . [kT -
enter the sheath at least at the ion acoustic velocity: ¢, = M’ for conditions where

“L <<1.” Ion velocities in the bulk plasma in general are not sufficient to satisfy this

T,

criterion. In order to satisfy the condition for sheath formation, ions must be accelerated to
the ion acoustic velocity. The required acceleration region is called the presheath. This
region, which extends beyond the sheath edge, contains the necessary electric field and
acceleration length to speed the ions up to the ion acoustic velocity.8

The physics of a biased, current collecting electrode immersed in a plasma is similar
to that of the unbiased electrode in a plasma. In this case, however, the electron flux to an
electron collecting electrode must be regulated in order to maintain a constant net current.

The potential difference between the electrode and the nearby plasma may be either positive
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or negative depending on local plasma conditions. As mentioned earlier, negative. electron
repelling sheath potential can be expected to develop if the thermal flux of electrons
impinging upon the electrode exceeds the current actually being extracted from the
discharge. This potential “hill” serves the purpose of reducing the flux of electrons to the
electrode in essence filtering the low energy electrons from entering the sheath while
allowing only those electrons with energy sufficient too “climb” the potential hill and reach
the electrode. The potential profile is expected to be positive, electron attracting, in the
reverse situation where the thermal current is on the order of or possibly less than the
current being collected at the electrode. Such a potential distribution can repel ions, impart
energy to electrons so that additional electrons are created by ionization in the sheath if the
layer is collisional. or increase input electron flux into the sheath by leaking additional
electric field into the presheath region, thus increasing the mobility term’s (—p- E)
contribution to the total electron current.6 Here, u is the electron mobility, the
proportionality constant between electron current density and the electric field.

Significant amounts of input power can be deposited into the electrodes if the
charged particles entering the sheath are accelerated by the potential distribution present
there. This power flux that is deposited into the electrodes can be as high as AV -1, where
[ is the discharge current and AV is the potential difference across the sheath. In the case
of the cathode, this power flux supplies the energy required for the cathode to emit
thermionically. In the case of the anode, this transported energy ends up as waste heat
which in general contributes to the overall inefficiency of the discharge device.

1.2.3. The Anode Sheath and its Role in Determining Power Losses
at the Anode

As stated earlier, both the anode and cathode fall regions are sheaths. These
regions along with the positive column play important roles in determining the nature of
energy transport between the power supply, the plasma, and the electrodes. The cathode

fall region is the major source of electron energy in the discharge. Inside the positive
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column, a fraction of this energy is deposited into collision events with the heavy particles.
The nature of energy transport in the anode fall region has yet to be discussed.
Understanding energy transport phenomena associated with the anode fall voltage,
particularly under the influence of an applied transverse magnetic field, is a goal of this
research that has significant relevance to electric propulsion devices such as MPD thrusters.
Energy flows from the power supply to the partially ionized gas by way of electric
field driven collisions between 1.) electrons and the heavy particles and 2.) primary
electrons and secondary electrons. In an ideal situation, these processes primarily account
for the energy deposited into the ionized gas. At equilibrium, the input energy equals the
energy required to sustain ionization processes plus the energy lost to the surrounding
environment. Loss processes include diffusion of electrons, photons, and hot gas to the
surrounding (and in many cases cooler) walls of the plasma vessel. With the exception of
the fact that the anode is a biased current collection element, the anode too acts essentially
as a wall element where plasma cooling processes can take place. Under ideal conditions
where the anode sheath potential is small compared to the random thermal energy of the
electrons, energy lost from the plasma to the anode consists of essentially electron and gas
conduction/convection contributions along with collected radiation emitted from the plasma
and the hot cathode. A more complete description of the energy flux flowing into the anode
was formulated by Cobine.9 According to Cobine’s treatment, power lost to the anode,

P,, consists primarily of three terms:

PA=(512(T'+(I)“f+Va)-Id+Pc+P,. (1.6)
e

The first term, which (set off in parenthesis) is proportional to the discharge current ( /),

o . I SkT
primarily expresses the electronic contribution to anode heat flux. The 5 < component
e

of this term represents the contribution to anode power deposition due to the random
thermal energy of the electrons plus the energy contribution associated with the general

electron drift toward the anode. The second component of the electronic term is the work
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function term. @, . This term represents the energy released into the metal when the
electron enters the conduction band of the metal electrode. The V, term is associated with

the potential difference across the anode sheath. For positive, electron attracting sheath
potentials, each discharge electron that enters the sheath can acquire from the sheath electric
field an energy of up to eV,. This energy contribution is then deposited into the anode
upon the electron’s collision with the metal surface. For negative, electron repelling
potentials at the anode, ion flux to the anode must also be considered. Under these
conditions, the energy that is deposited into the electrode due to the electrons is reduced due
to the fact that electrons must transverse a retarding potential to reach the anode. The
remaining terms P_, which represents gas heating or cooling of the electrode via
conduction or convection, and P,, which represents power flux incident on the anode due
to cathode and plasma radiation, account for the remainder of energy flux into the anode.
Cobine’s energy balance relation is used to estimate anode power losses in MPD
thrusters and has shown good agreement with water calorimetry measurements of anode
power deposition. 10 In MPD thrusters, it is the V, component of the electronic term that
dominates the anode power deposition. In this respect. the nature of the anode fall region
essentially dictates the efficiency of the device. Driven by large anode sheath potentials, the
magnitude of the anode power deposition in MPD thrusters runs in excess of 70% of the
input electrical power.2 In contrast to MPD devices, ordinary, unmagnetized electric arcs
operate under conditions where the anode fall voltage is small or even negative
(V,<3 V).4 It is the presence of the transverse magnetic field that apparently enhances the
anode fall voltage. Again, understanding the mechanisms behind the anode fall growth

with the transverse magnetic field is a goal of this research.
1.3. Review of Past Research

Although the research results presented in this work are of direct relevance to many

electric propulsion devices, the motivation behind this research is linked to the need to
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understand and ultimately solve the anode power deposition problem in MPD thrusters. As
stated earlier over 70% of the input electrical power goes into waste heat deposited into the

anode.
1.3.1. The MPD Thruster

Before elaborating on past research, it is worthwhile to discuss the basic operation
of the MPD thruster. MPD thruster operation can be understood by looking at the
discharge plasma from a continuum fluid dynamics point of view. The schematic in
Figure 1.1 describes the basic MPD engine configuration. An arc on the order of kiloamps
is struck between the cathode and anode thus generating a discharge plasma. Typical
working fluids include liquid metals, rare gases, or hydrogen. The high currents generate
self-magnetic fields which run parallel with the anode surface in the azimuthal direction.

As a consequence, electrons must undergo a collision dominated random walk across the
field lines to reach the anode. The plasma current interacts with the self-magnetic field via
the J x B Lorentz force. This force acts on the plasma “fluid elements” and accelerates
them out of the discharge chamber to generate thrust. In some MPD thruster
configurations, axial magnetic fields are used to help stabilize the discharge. Researchers
have found that this axial magnetic field also tends to enhance thrust production.!l It has
also been found that increases in the magnitude of these transverse magnetic fields give rise
to increases in anode power deposition.3 Typically, the anode of these research engines
when operated at steady-state are water-cooled so as to prevent the anode from melting due
to the large heat flux deposited into it during operation. 10 Understanding and ultimately
determining ways of reducing this heat flux to the anode of MPD devices has long been

sought after.
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1.3.2. Past Research

The search for the underlying mechanisms for large power losses at the anode has
gone on for many years. In general, most studies indicate that power deposited into the
anode is dominated by the anode fall voltage in the electronic term of the anode power
deposition equation. Various parameters such as applied magnetic field strength and local
electron number density all influence the potential profile of the anode fall region. This
region as was noted earlier is the prime driver that imparts to the electrons the energy which
is ultimately deposited into the anode. Below, past research associated with the
investigation of the nature of the anode power deposition problem will be reviewed. Major
research on this problem has taken place at Princeton University, the University of
Minnesota, the Stuttgart University in Germany, the NASA Lewis Research Center, the
Los Alamos National Laboratory, and the Massachusetts Institute of Technology.

The mechanical and aerospace engineering department at Princeton University for
many years has studied the problems associated with MPD thrusters. Work of interest at
Princeton and of direct relevance to this study is that presented in the doctoral thesis of
Gallimore.12 In this study, thermocouples, magnetic, and electrostatic probes were used
to investigate the plasma in the near-anode region of pulsed and steady-state MPD
thrusters. Anode fall voltages were inferred from the energy balance relation. Anode fall
voltage scaling trends were also investigated. In this particular study, changes in the anode

fall voltage was shown to correlate with changes in the Hall parameter. The Hall

Q, . . . .
parameter, —=, is the ratio of the electron cyclotron frequency to the electron collision
1%

e

frequency. Small Hall parameters imply electron motion in which magnetic effects can
largely be ignored. Large Hall parameters indicate that plasma motion is magnetized with
the electrons undergoing many gyrations about a field line before undergoing a collision
with at heavy particles. This finding supports previous investigations which indicate that

the anode fall voltage is a function of the transverse magnetic field. Apparently the anode
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fall increases in order to maintain constant current. The study also found that anode power
deposition scaled with the anode fall and the Hall parameter. Finally, the study utilized a
ring of permanent magnets, which was retrofitted to the MPD thruster anode. to annul the
local azimuthal magnetic field in the near-anode region (see Figure 1.3). This approach
was taken to locally reduce the Hall parameter. This technique was shown to reduce the
anode fall voltage by as much as 45%. This finding pointed to the fact that magnetic field
direction and magnitude near the anode may be an important parameter that can be

externally adjusted to reduce the anode fall. 12
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Figure 1.3. Magnetically Annulled Hall Parameter Ring. 12

Over the years, Pfender of the University of Minnesota has carried out extensive
research on anode power deposition in MPD thrusters. One of his studies utilized a
segmented anode (see Figure 1.4a.) that was used to test the validity of Cobine's anode
power balance equation (Equation 1.6). Each anode segment was electrically isolated from
adjacent segments via insulator spacers. The water-cooled segmented anode afforded the
opportunity to “float” given segments (no current extraction) to obtain calorimetic estimates

of the fraction of power deposited into the anode due to the radiation, conduction, and
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convection terms of the energy balance relation. The study found that 70-80% of the anode
heat flux could be attributed to the electronic term in the energy relation. The anode fall
voltage was found to increase with increasing axial magnetic field, but the overall slope of
the total arc voltage was much greater, indicating that more power was going into the
plasma with increasing axial magnetic field strength. For operating pressures above |
Torr, the study found that the discharge voltage increased with increasing mass flow rate
while the anode fall voltage was measured to decrease. Calorimetric measurements taken
from the water-cooled anode segments confirmed the applicability of the energy balance
model for the segmented anode. This confirmation was made by measuring the heat flux to
the anode segments as current to the segments were varied in such a way that the total
current summed over all segments was constant (That is to say the current distribution at
the anode was varied while the total discharge current was held constant.). At constant
current, the investigators argued that the contribution of anode heat flux via the radiation
and the conduction/convection term should be constant depending on total current only and
not current distribution. It was also assumed that the term set off in the parenthesis of the
electronic contribution of the power flux equation was independent of discharge current.
This assumption was justified by experimental evidence which showed that local electron
temperature and anode fall voltage did not vary with discharge current. If these
assumnptions hold, the energy balance relation for a given segment should be a simple linear
function of current with the sum of the radiation and conduction/convection terms
appearing as the y intercept. Plots of heat flux versus segment current (see Figure 1.4b.)

yielded straight lines which is in agreement with the predictions elaborated on above. 10
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Another important anode power deposition study was conducted by Wolfgang
Schall of DFVLR-Institute of Plasma Dynamics at Stuttgart, Gerrnany.3 This study was
concerned with understanding the effects of magnetic field orientation and magnitude on
energy losses to the anode in MPD thrusters. The author used two independent
electromagnet coils in the experimental set-up (see Figure 1.5). With this arrangement. the
angle between the magnetic field and the anode surface could be varied. The authors
pointed out that in the past, under the assumption that the anode fall region was responsible
for ion acceleration and thus most of the thrust, researchers attempted to increase the
magnitude of the anode fall region’s electric field. This fall region, they argued, could be
enhanced via magnetic fields and reduced mass flow rates. Upon attempting both
approaches. these researchers found that instead of obtaining the desired result (increased
thrust power), most of the input electrical power ended up instead as waste heat deposited
into the anode. In this study, anode power deposition was measured as a function of

magnetic field and anode pressure.3
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The Stuttgart study found that in the pressure range above 0.1 Torr, anode heat
losses were small and slowly varying functions of magnetic field. At pressures below 0.1
Torr and at magnetic fields above a critical intensity, further increases in the magnetic field
was shown to have a large effect on the anode fall. These findings suggest that the anode
fall voltage also depends on discharge chamber pressure.

The study indicated that magnetic field geometries where the field lines are strictly
parallel with the anode surface give rise to the largest anode fall voltages. Under these
conditions, if the electrons are to be collected, they must cross the magnetic field lines;
thus, electron collection at the anode can occur only by electrons randomly migrating across
field lines via collisions. This collisional random walk apparently gives rise to an effective
anode sheath resistance as the field increases. The study also found that increasing the
divergence of the magnetic field so that the field lines intersect the anode reduced the rate at
which the anode fall voltage increased with increasing magnetic field strength. In this case
it is believed that the electrons are being guided to the anode’s surface by the magnetic field
lines. It was speculated that such magnetic field configurations enhanced electron diffusion
into the anode thus reducing the need for large anode fall voltages to maintain the discharge
at constant current.3

The investigations at Stuttgart also determined that the magnetic field also influences
the local plasma pressure at the anode. At magnetic field intensities above a critical field
strength, pressure at the anode decreased while anode fall voltage increased. This drop in
near-anode pressure occuring while the anode fall voltage increases suggests that the anode
fall voltage’s magnitude may be related to plasma depletion in the near-anode region.

Finally, the study also showed that for a given operating point, there was a lower
limit to the anode fall voltage. This lower limit was found to be independent of near-anode
pressure. This important finding appears to imply that there exists an unavoidable lower

limit to anode losses. This lower limit as the paper suggest may in fact depend on the
physical configuration of the MPD thruster itself.3
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More recently. a study at NASA’s Lewis Research Center was conducted to
investigate the nature of anode power deposition in MPD thrusters. The study. conducted
by George Soulas and Roger Myers. investigated anode power losses using the apparatus
shown in Figure 1.6. The water-cooled anode provided the capability of measuring the
power flux into the anode. Near-anode plasma properties were measured using a Langmuir
probe placed at a fixed position with respect to the anode. The effect of variations in local
magnetic field and gas pressure near the anode on anode power deposition was
investigated. The interpretation of the experimental results of this study was based on the

energy balance relation discussed earlier. 13

Figure 1.6. NASA Lewis Discharge Apparatus and Diagnostics. 13

22



The NASA Lewis study found that at low pressures (< 0.1 Torr), the anode fall and
the anode power flux grew monatonically with increases in the applied transverse magnetic
field. It was also found that those magnetic field orientations that allowed the magnetic
field lines to intersect the anode gave rise to a lower measured anode power flux than that
which was observed at the same field strength with the field lines strictly parallel to the
anode surface. This observation is consistent with the findings of Schall as discussed
earlier. Another finding also similar to the work of Schall was that the anode fall voltage
was found to be constant at pressure above 0.1 Torr, regardless of magnetic field strength.
Heat flux to anode was shown to increase as the pressure was reduced. 13

Reduction in anode fall voltage in a pulsed MPD-like device has been reported by a
research group at Los Alamos National Laboratories. In a series of conference papers by
Scheuer et. al13, the use of a magnetic nozzle to reduce the anode fall voltage was
discussed. This idea is based on “shorting” out the anode sheath by connecting the anode
with the adjacent positive column via magnetic field lines. The motivation for the use of the
magnetic nozzle to achieve this end is guided by the theoretical findings of Niewood of
MIT.14 Niewood developed a numerical model for the self-field MPD thruster. Results
from the model suggest that the Hall effect may be responsible for the large anode fall

voltages reported by various MPD thruster experimenters of the past. The interaction of the
oB,
en

(4

axial current density, J,,, where J,, =- -J,, near the anode with the azimuthal

magnetic field, B,, tends to pinch the plasma toward the thruster axis (see Figure 1.7),

thus depleting the near-anode region of charge carriers. Here, o is the plasma conductivity
and J, is the radial current density. The axial current density can grow as n, in the near-
anode region is reduced due to this plasma contraction toward the axis. Thus growthin J ,
depletes the electron population near the anode. This depletion can give rise to the
formation of large space charge fields (and thus large anode falls) which may be necessary

if the thruster is to operate stably at a given discharge current.
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The appeal of the magnetic nozzle stems from the following possible benefits: 1.)
Electron conduction to the anode is enhanced via magnetic field lines “shorting” the anode
sheath; 2.) Electron flux at the anode is more evenly distributed thus enhancing electrode
life; and 3.) The applied field leads to the generation of current components that oppose the
Hall induced axial currents.!4,15,16

With the applied field, B.,, of the magnetic nozzle, J, becomes from the

generalized Ohm’s law:

J =~0-(v,B)~—>-(B,-J.—J, B,). (1.7)
ent

Here, It can be seen that the J, - B, term opposes the Hall term B, - J,, which is
responsible for anode plasma depletion. In addition, if the B, term is sufficiently large.

E x B motion will tend to rotate the plasma. Here B, is the radial magnetic field and v, is
plasma rotational velocity. The rotation gives rise to centrifugal plasma particle motion that
tends to reduce near-anode depletion. Experimental measurements of axial current without

the magnetic nozzle show that the axial current profiles are similar to those predicted by
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Niewood’s self-field MPD model. The “tailored™ applied field of the magnetic nozzle was

shown to reduce the anode fall voltage. 14,15.16
1.4. Concluding Remarks

As was mentioned in the review section. it is clear that much progress has been
made toward isolating macroscopic scaling parameters such as transverse magnetic field
and gas pressure that appear to control the relative magnitude of the anode fall voltage. In
addition, much progress has also been made in reducing the anode fall voltage in MPD
thrusters. Findings related to reducing the anode fall voltage all revolve around minimizing
the magnetic field in the near-anode region. In terms of understanding the physical
mechanisms for how and why large anode fall voltages form and change as a function of
magnetic field, the collective knowledge briefly reviewed is qualitative at best and thus is
still incomplete. And although the reduction in the anode fall has been achieved via
modifying the near-anode magnetic field environment, the obvious question then arises:
What happens to engine performance (thrust production) when these changes are made?
Indeed, the anode fall reduction work done at Los Alamos suggests that even though the
anode fall voltage was substantially reduced, the thrust power also went down. 17 The
experimental approach taken in this thesis to study the problem of the anode sheath in a
magnetic field is unique in comparison to previous studies in that it allows the problem to
be studied from a vantage point that is independent of other phenomena which would
otherwise convolute the findings with influences from other effects (e.g. plasma
acceleration). Essentially all previous studies have been done using pulsed MPD engines.
[n this investigation, near-anode processes are investigated under steady-state conditions.
As a result, transient phenomena that are associated with pulsed discharges do not
complicate interpretation. In addition, the findings of this study are independent of engine
geometry. Further, the investigation is conducted on an apparatus that is well suited for

parametric studies. Previous studies concentrated on determining anode fall behavior as a
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function of thruster parameters. I[n this respect. the picture is macroscopic and not very
general. That is, little emphasis was placed upon characterizing the changes in near-anode
plasma properties in response to the transverse magnetic field. Understanding how near-
anode plasma processes change in response to the transverse magnetic field is a key aspect
of the approach taken in this investigation.

In the chapters that follow. research geared toward understanding what the
underlying physical mechanisms responsible for the formation and growth of the anode fall
voltage as a function of transverse magnetic field intensity are presented. Because in
general the problem of a sheath in the presence of a transverse magnetic field is still not
completely understood. these studies can shed light on a relatively old problem.!® For
once this knowledge is completely obtained. only then can one can then go forward in a

deliberate fashion to reduce the anode fall without sacrificing engine performance.
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