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The performance is reported of a 25-kw, lithium fueled, applied field MPD arcjet which
incorporates a unique feed system with an ‘““open-ended heat-pipe’ vaporizer and a hollow
cathode. The arc typically operates at currents of 250-500 amp, voltages of 40-60 v, magnetic
field strengths between 500 and 3000 gauss, and produces a highly ionized lithium beam w hich
transports 709, of the input electrical power to the beam stop. The ambient tank pressures
range as low as 2 X 1077 torr. A comparison of hollow cathode and conventional MPD arc
performance is made and it is concluded that the hollow cathode arc is superior to the con-
ventional design. Diagnostic experiments performed in the exhaust plume include the de-
termination of axial ion and atom velocities by measurements of Doppler shifts with a scan-
ning Fabry-Perot interferometer and of ion energies by use of electrostatic energy analyzers;
the determination of ion temperatures by comparison of experimental and calculated spectral
line profiles; the determination of electron temperatures and densities with electrostatic
probes; and the determination of current densities by Rogowski loops. These measurements
indicate that at a station 25 cm downstream of the arc head the directed ion velocity exceeds
2 X 10 cm/sec. At a station 90 em downstream the plasma typieally has an electron tempera-
ture of about 2.3 ev, a density of approximately 1.5 X 10!2 em ™3, and under certain operating
conditions more than 407, of the arc current extends 90-cm downstream of the arc head. The
efficiency of a process that converts input electrical power into kinetic energy is discussed in
terms of a model which sets the plasma into rotation with subsequent expansion in a mag-

netic field.

I. Introduction

LASMA accelerators that generate a plasma by the dis-
charge of electrical current between short coaxial elec-
trodes in the presence of an applied axially symmetric mag-
netic field, and which are commonly called magnetoplasma-
dynamie, MPD, arcjets have been studied for space propul-
sion applications in a number of laboratories.=® Despite the
concerted effort that has been made to understand MPD arc
performance, the thrust production mechanisms are poorly
understood, as indicated by the many conflicting assumptions,
approximations, and processes that have been proposed.!!
Experimental results indicate that not all MPD devices ap-
pear to operate in the same manner. Nevertheless, the MPD
arc still holds great promise as a primary spacecraft propul-
sion system for deep space exploration.

This paper describes a nominal 25-kw lithium, hollow cath-
ode MPD are thruster that generates a reproducible and
steady, highly ionized lithium plasma beam. Lithium is
chosen as the propellant to be investigated since it can be
stored easily during long space missions, and it offers the
promise of high frozen flow efficiencies due to its low first
ionization and high second ionization potential. In addition,
the “self pumping” effect of the condensable lithium allows
laboratory testing at low tank pressures, typically 2 X 10~7
torr for our test facility.
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II. Apparatus

Arc Structure

The arc structure was mounted horizontally in the end of
a 0.9-m-diam by 1.5-m-long stainless steel vacuum chamber.
The system is shown schematically in Fig. 1. The outer elec-
trode or anode consisted of an annular tantalum radiator,
niobium brazed to a tantalum cylinder. The anode was 3.75
em id., 3.9 em long and 9.1 ecm o.d. at the radiator. The
anode was press fitted into a tapered annular, water cooled
stainless steel shell supported by the cooling tubes. The
radiator temperature varied from 1000-2000°C dependent on
arc power and propellant mass flow.

The cathode was a hollow tungsten tube 1.1 em i.d., 1.9
em o.d., and 3.7 em long. The cathode was brazed into the
end of the vaporizer section and into a tantalum support
structure which provides a thermal gradient to the water
cooled stainless steel holder. The use of the hollow cathode
resulted in a very stable discharge originating inside the
cathode tube. This stability allowed the complete removal
of insulators from the arc region. The absence of insulators
near the electrodes eliminated the serious problems of insula-
tor cracking and erosion usually present in alkali metal fed
ares.

The lithium feed system consisted of a storage reservoir, a
positive displacement bellows type piston and a lithium
vaporizer. The piston was actuated by a d.c. motor with a
tachometer speed regulation of better than 19, under load.

Lithium Vaporizer

The piston outlet fed lithium through a stainless-steel tube
into the vaporizer section (Fig. 2). The operation of the
vaporizer is similar to that of a “heat pipe” and is as follows'?:
lithium enters the tube at the porous plug location and fills
the wick structure by capillary action. Vaporization takes
place along the entire wick structure which operates at ap-
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Fig. 1 Schematic of hollow cathode arc and lithium feed
system.

proximately 1000°C, and fills the central volume with vapor
which is forced out through the hollow cathode into the arc
region. The feed rate is determined by the input power to
the vaporizer heater. A control thermocouple is located in
the region of the porous plug, sensing the temperature at a
position upstream of the liquid-vapor interface. The signal
from this thermocouple is fed into an integrating circuit that
determines the difference between the signal and a predeter-
mined set point. This cireuit then controls the d.c. motor
at the speed necessary to maintain the temperature of the
control thermocouple at the set point. The actual lithium
feed rate is then given independently by both the tachometer
reading and by the input power to the vaporizer heater.
These two quantities were found to agree to better than 59,
during experimental runs. Arc startup was achieved by
manual control of the feed system.

III. Are Performance

The determination of the cathode operating characteristics
and measurements of the gross arc operating characteristics
of arc voltage and arc efficiency as a function of are current,
applied magnetic field strength, and input lithtum mass flow,
were deemed important for two reasons. Firstly, they would
indicate whether the hollow cathode concept was promising
for use in high power MPD arcs, and, secondly, they would
indicate if there existed any major differences between the
acceleration mechanisms of conventional and hollow cathode
ares.

Are Voltage

The arc impedance was found to be smaller with larger
current, larger with larger axial magnetic field strength, and

Fig.2 Lithiom vaporizer. Top: cathodeend with radia-
tion shields. Center: sliding seal. Bottom: complete
assembly.
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virtually independent of the input mass flow when the input
mass of lithium exceeded 15 mg/sec. Figures 3 and 4 show
that for feed rates greater than 15 mg/sec the arc voltage is
independent of the arc current and of input mass flow at
fixed magnetic field strength. Similar results were obtained
using a conventional arc. The arc voltage as a function of
current in the axial magnetic field coils is plotted in Fig. 5.
It is shown that points obtained at input mass flows greater
than 15 mg/sec fall along a straight line described by the
equation

V= V,+ UBR L

where V, is an additive constant to account for sheath and
ohmiec voltage drops, R is the anode radius, B the magnetic
field strength near but somewhat downstream of the anode,
and U. the critical velocity of Alfvén.'® This result was also
obtained for several working fluids by Patrick and Schneider-
man® and was discussed in Refs. 10 and 14 in terms of a
model in which the dominant thrust producing mechanism
was the conversion of rotational energy produced by 7,B,
interactions into beam kinetic energy through expansion in a
magnetic nozzle. At feeds below 15 mg/sec it was found
that the arc jumped into a “high-voltage’ mode of operation,
a result also obtained in conventional lithium ares.!*

Thermal Efficiency

A comparison of the thermal efficiency, defined as the
ratio of the total power in the beam to the total electrical
input power to the are, as a function of the applied magnetic
field strength, is shown in Fig. 6. The power in the beam
was determined from measurements of the flow rate and
temperature rise of the coolant flowing through the vacuum
chamber walls. Calorimetry was also performed on the elec-
trode coolant. For all the reported points the sum of the
electrode power and beam power agreed with the total elec-
trical input power to the are within 59,. The heat input to
the hollow cathode was found to be very small, less than 39,
of the electrical input power. Hollow cathode are structures
which did not incorporate a heater to vaporize the lithium
would not run at low vacuum conditions since the heat input
to the cathode was insufficient to vaporize an adequate
amount of lithium. The heat inputs to the anode were similar
for both conventional and hollow cathode ares.

Beam Appearance

The hollow cathode arc was capable of producing an ex-
tremely steady and reproducible lithium plasma beam. At
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Fig. 5 Arc voltage vs current in magnetic field coils for
hollow cathode are; magnetic field at anode face ~ 0.275
gauss/amp.

high-input mass flow rates the beam was a bright red, indi-
cating a high proportion of neutrals. As the feed rate was
lowered and the arc operated in the “high-voltage” mode the
beam became almost transparent with a faint violet tinge as
was the case for the conventional arc.!* Figure 7 shows a
photograph of the ionized lithium beam taken through a

5485 A interference filter. The beam appears to follow the
magnetic flux tube originating at the anode i.d. The light
emitted by the ionized portion of the beam as viewed through
the filter was more intense when the arc operated in the high
voltage mode.

Cathode Operation

The hollow cathode was found to be superior to the con-
ventional cathode in several respects. The current and volt-
age fluctuations were much smaller with the hollow cathode
arc. Typical current fluctuations were less than five amp
from the set current level. The hollow cathode was much
more rugged than the conventional cathode. It was found
that the hollow cathode was not damaged by operation in the
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Fig. 7 Jonized lith-

jum beam as viewed

through 75485 A inter-
ference filter.

high-voltage mode while the conventional cathode often
melted when operating in this mode. Use of a hollow cathode
allowed rapid extinguishing and restarting of the arc at operat-
ing vacuums and with the lithium feed running, an operation
which when attempted with the conventional cathode are
invariably led to melting of the cathode.

Operation without an Applied Magnetic Field

The hollow cathode arc was capable of operation with no
applied magnetic field without damage to the arc structure.
Values of the arc voltage and arc thermal efficiency obtained
with no applied field are shown in Figs. 5 and 6, respectively.
Visual observation of the arc head region showed that dur--
ing operation with no applied field, the entire anode interior
was filled with a diffuse glow, no visible jet emerged from the
arc head, and the hot zone of the anode was located within
its eylindrical section near the limit of the cathode extension.
When the applied field was raised to several hundred gauss a
definite cathode jet appeared which extended about 10 em
downstream of the anode and the anode hot zone moved
downstream to the end of the anode where the cylindrical
section joined the annular radiator. Increasing the magnetic
field to values of about 1000 gauss, or more, resulted in the
beam becoming very faint with no visible structure, although
an ionized core could be observed through the A\5485 A inter-
ference filter (Fig. 7). The visual appearance of the anode
remained unchanged for all magnetic field strengths above a
few hundred gauss, and indicated that the anode arc attach-
ment remained near the downstream end of the anode cylin-
drical section.

IV. Beam Diagnostics

Doppler Shift Velocity Measurements

Doppler shift velocity measurements of thg neutral lithium
A4602 A line and the ionized lithium A5485 A line were made
with a pressure scanning Fabry-Perot interferometer. The
plates were coated with a broad-band dielectric coating hay-
ing a reflectance of 959 or goreater from 4250 A to 7000 A.
Measurements on the A\6328 A line emitted by a He-Ne laser
showed that the interferometer had a finesse of 81.1 and a
system instrumental width of 0.0164 A. The free spectral
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Fig. 8 Doppler shifted Fabry-Perot trace of A\5485 A
ionized lithium line.

range was 1.00 A at \5485 A. This system was capable of
resolving velocities as low as 1.3 X 10° cm/sec. One of the
light paths was inclined at an angle of 45° to the direction
of motion of the beam, and the other light path was normal
to the direction. of motion. A beam splitter mixed the two
beams and displayed them as the shifted and unshifted lines;
the Doppler shift was determined directly from the measured
dispersion of the interferometer without the need for absolute
wavelength measurements. For measurements of the ionized
25485 A line the unshifted light was obtained from a lithium
hollow cathode lamp. The shifted and unshifted light beams
were scanned separately in order to obtain the line profiles.
The pressure scanning technique allowed each trace to begin
at precisely the same wavelength. A sample of interferometer
traces of the Li A5485 A line is shown in Fig. 8, where the
trace labeled ‘“‘reference” is that obtained from the hollow
cathode lamp, and the trace labeled “arc” is that obtained
looking at.45° ta.the.direction. of plasma. maotion. The ve-
locity was determined from the usual relation

v = ¢AN/\ cosf 2)

where AN is the Doppler wavelength shift, A is the wave-
length of the unshifted line, ¢ is the speed of light, and @ is
the angle between the direction at which the light is observed
and the direction of motion of the radiating particle.

Both the neutral and ionized particle velocities were ob-
tained at a station 45 cm downstream of the anode face.
Analysis of the neutral Li*tA4602 A line shifts obtained at are
currents between 350 and 400 amp and at input mass flows
between 19 and 30 mg/sec indicated velocities in the range of
1.2 to 1.6 cm/usec, with no apparent dependence on the
applied magnetic field strength or the input mass flow rate.
Velocities obtained by Doppler shift analysis of the Lil
25485 A line are shown in Fig. 9 for arc currents beteeen 475
and 600 amp and input feed rates of 1526 mg/sec. A point,
not shown in Fig. 9, was obtained while the arc was operat-
ing in the high-voltage mode. The are conditions were: arc
current 502 amp, arc voltage 56 v, magnetic field strength
1140 gauss, input feed rate 11.8 mg/sec. The measured
velocity was 2.9 ecm/usec.

Spectroscopic Temperature Measurements

As was mentioned in the previous section, the Fabry-Perot
interferometer provided an accurate trace of the line profile
of the ionized LiA5485 A line. A computer program was
written which calculated the theoretical Fabry-Perot output
for the fourteen component A5485 A line as a function of ion
temperature. The program assumed pure Doppler broaden-
ing and accounted for multiple order effects. A comparison
of the computed line profile for an ion temperature of 1.96

HOLLOW CATHODE LITHIUM VAPOR MPD ARCJET 889

34
T 3.0
°
a
3 x
N
T 26 00
< x X X x ©
> 2.2 X 8 o ©
[ x x 2 x
5] ° o @ X x
3 .8 o e o X X X
w x % X
> X

14 X © FABRY- PEROT

x X [27° ELECTROSTATIC ANALYZER
CORRECTED FOR SHEATH
i Il i
0V 1,000 2,000 3,000 4,000

AMPERES IN B8, COIL
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ev and an experimental profile obtained from the are is shown
in Fig. 10. Line profile measurements of the A5485 A line
from the arc showed that the ion temperature was almost
constant at about 2 ev under all arc operating conditions.
Profiles of the LilA4602 A line were found to be Gaussian
(Doppler broadened) and indicated atom temperatures of
about 1.2 ev.

Electrostatic Probe Measurements

Electrostatic probes similar to those described in Ref. 10
were used in an attempt to determine electron temperatures
and densities. It was found that the probe temperature
needed to be precisely controlled in order to avoid either
shorting of the probe due to the accumulation of lithium, or
failure due to the melting of the probe. Probe traces were
obtained on the jet axis at a station 90 cm downstream of the
anode face with the arc operating at currents between 350
and 450 amp, an arc voltage of 39 v, a lithium feed rate of
19.2 mg/sec, and an applied magnetic field of 975 gauss at the
anode face. The probe current-voltage traces when analyzed
in the conventional manner yielded electron temperatures of
between 2.1 and 2.5 ev and electron densities between 1.4
and 1.9 X 102em~3. The plasma potential was determined
to be between 10 and 12 v negative with respect to the anode.

Energy Analysis of Ions in the Beam

The energies and energy distribution functions for ions
extracted from the beam were determined, for arc conditions
similar to those reported for the Doppler shift measurements,
with a 127° deflection type electrostatic analyzer. The ana-
lyzer was located on axis approximately 260 em downstream
of the arc head at the end of a 9.5-cm-diam by 118-cm-long
iron tube in order to minimize magnetic field effects. While
there is considerable scatter, the velocities obtained from the
energy analyzer data generally support the results obtained
from the Fabry-Perot Doppler shift measurements. A com-
parison of results is shown in Fig. 9.
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Fig. 11 Radial current density, mass flux, and energy flux

profiles 90 cmm downstream of the arc anode face. The

downstream current as obtained from the current density
profile is 135 amp, and the return current is 145 amp.

Electrostatic probe data indicated electron temperatures of
about 2.3 ev 90 em downstream of the arc head. A caleula-
tion discussed in the subsequent section on Eleectron Thermal
Conduction shows that the electron temperature far from the
arc falls very slowly. Consequently, the analyzer data shown
in Fig. 11 have been corrected to account for the acceleration
of ions entering the analyzer through a sheath maintained by
2.0 ev electrons.

Jon temperatures have been obtained by analysis of the
energy distribution profile. Upon converting the energy
distribution to a velocity distribution, and assuming a Max-
wellian distribution function in the moving frame of reference,
an ion temperature may be derived. Ton temperatures varied
between 0.1 and 0.4 ev and showed no systematic variation
with arc parameters.

Current, Mass, and Energy Distributions

It was found that when the product of arc current and
applied axial magnetic field strength exceeded 10¢ gauss-amp,
negative voltages with respect to ground appeared on an
insulated section of the test tank beam stop. Measurements
of the I-V characteristic of the potential on the insulated sec-
tion showed that at the highest magnetic field strength, 3300
gauss, large currents (greater than 100 amp) could be drawn
through low-impedance loads. Simultaneous with the appear-
ance of voltage at the beam stop was a flattening of the arc
voltage vs magnetic field strength characteristic, so that the
arc voltage no longer increased with applied magnetic field
strength (points where the product of arc current and mag-
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netic field strength exceed 10° gauss-amperes are not shown
in Fig. 5). These observations suggested that the region of
arc currents extended downstream as far as the end of the
tank when the arc was operated at very high magnetic field
strengths.

A Rogowski loop with a 7.6-cm-diam opening was fabri-
cated in order to establish the extent and magnitude of the
current distribution in the arc plume. The magnitude of the
axial current threading the loop was determined by elec-
tronically integrating the signal induced in the coil upon arc
extinetion. Radial maps of the current threading the coil
were then inverted to obtain the eurrent density distribution.
The current distribution thus derived at an axial position 90
cm downstream of the anode face obtained with are param-
eters of 350 amp, 55 v, and 3300 gauss at the anode face, is
shown in Fig. 11 along with the projections of the cathode
and anode along flux tubes originating at the arc head. The
centerline current density was approximately 2.9 amp/cm?,
and reversed direction at a radius of 8 em. The total axial
current was 140 amp, or 0.4 of the total arc current. As indi-
cated in Fig. 11, the region of downstream currents filled the
flux tube that intersected the cathode, and the return cur-
rents filled the space out to the flux tube which returned to
the inside diameter of the anode. Assuming that the elec-
trical resistivity of the plasma plume was that corresponding
to a fully ionized gas parallel to a magnetic field, at a tempera-
ture of 2.3 ev (from electrostatic probe data), » = 10~2 ohm-
em. The corresponding electric field strengths to drive the
measured current densities were approximately 0.01 to 0.03
v/em.

Measurements were also made with the Rogowski loop
centered on the beam axis. Signal strength was recorded as a
function of the applied magnetic field strength. A summary
of the results is shown in Table 1.

A time integrated profile of the mass flow in the beam was
obtained by measuring the thickness of lithium deposited on
a water cooled rod which extended across the vacuum tank.
The profile shown in Fig. 11 was obtained by normalizing the
relative mass flux so that the total lithium flow agreed with
the total lithium input measured by the feed system. The
error bar represents the estimated error in measuring the
lithium thickness deposited on the rod.

The energy density profile shown in Fig. 11 was obtained
by analysis of the temperature profile as measured by a
tungsten-tungsten rhenium thermocouple. The error bars
represent the estimated error introduced by uncertainties in
reading the thermocouple temperature. The total measured
power was 7650 w or 519, of the measured beam power. How-
ever, under the conditions at which the arc was operating,
409%, of the are current extended beyond the position at which
the measurement was made.

Electron Thermal Conduction

The existence of a plasma sheath at the beam stop implied
a gradient in the electron temperature along the plasma jet,
since the energy required to maintain the sheath was supplied
by thermal conductionin the electron gas from the are to the
beam stop.® The magnitude of the conduction was governed
by the electron temperature at the beam stop and may be

Table 1 Centerline current through Rogowski loop

Arc current, Magnetic field, Current through

amp gauss loop, amp
350 3150 100
350 2480 85
350 2070 65
350 1650 47
350 1240 0
350 825 0
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physically visualized as that conduction necessary to supply
the energy to accelerate the ionic component of the plasma
through the sheath potential. Tt may be shown that the elec-
tron thermal conduction @, is determined by the sheath po-
tential and the ion flux, and is given by the expression!®

&, = 2kT mZe/m; (3)

where T, is the electron temperature adjacent to the sheath,
Z is the charge on ions of mass m,, and 7 is the mass flow.
The thermal conduction may also be written as

&, = —kAdT./dz ()

where 4 is the conduction area, and & is the thermal conduc-
tivity. Insofar as it was observed that the jet was confined
to a magnetic flux tube, the axial electron temperature dis-
tribution may be derived when 1) the mass flow is known;
2) the electron temperature near the beam stop is known;
3) the flux tube area is known at some axial position; and 4)
the thermal conductivity as a function of electron tempera-~
ture is known.®® TFor a singly ionized gas with an electron
temperature of 2 ev at the beam stop, and an input mass flow
of 22 mg/sec, ® = 1200 w. The solution for the electron
temperature is shown in Fig. 12. At a station 90 em down-
stream of the anode face, an electron temperature of 2.1 ev
is indicated. Electrostatic probe measurements indicated an
electron temperature of between 2.1 and 2.5 ev at this axial
station. Computed temperatures in the are region are about
4.5 ev.

Thrust Secreen Measurements

A thrust screen was placed 83 cm downstream from the are
anode and a series of thrust measurements were made for
different values of the magnetic field strength, keeping the
arc current constant. The screen intercepted the entire
lithium beam and the ratio of the area presented by the wires
to the total screen area was 0.17. The displacement of a
fiducial point on the screen was measured with a telescope
and the thrust was established from the known weight of the
screen and the distance from the center of mass to the point
of suspension. .

Thrust varied from 52 to 80 g for magnetic field strengths
at the anode plane of 750 to 1900 G, respectively. Lithium
velocities were derived by dividing the thrust values by the
measured input Li mass flow rate through the vaporizer.
The velocities were adjusted by a drag coefficient correction
which took into account the gas temperature and the screen
temperature. The corrected velocities ranged from 1.6 to
2.5 X 105 em/sec.

Figure 13 shows that the thrust on the screen increased as
B, increased. The Rogowski coil measurements discussed
previously showed that substantial currents extended down-
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Fig.” 12 Electron temperature as a function of axial

position for a singly ionized beam with an electron tem-

perature of 2 ev at the beam-stop and an input mass flow of
22 mg/sec.
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Fig. 13 Thrust vs cur- 100
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stream of the thrust screen location and that the fraction of
the arc current which extended downstream of the screen in-
creased with increasing B.. It was probable, therefore, that
thrust was being imparted to the gas downstream of the
screen measurement. Li ion velocities determined simul-
taneously from Doppler shift measurements at a station 48
cm upstream of the screen showed ion velocities of approxi-
mately 0.85 the screen data, in agreement with the supposi-
tion of continuous acceleration of plasma throughout the re-
gion of current extension.

The thrust efficiency, defined as (F2/2)/Pa., where F
is the thrust and 7 the mass flow rate, and P... is the elec~
trical power input to the are, varied from 0.28 to 0.48 for
magnetic field strengths at the anode face of 750 to 1900 G,
respectively.

The power in a beam of singly charged ions is given by!®

Poeam = (0/ms)(3kT; + 2kT. + eV, + e¢p + m:L) + F2/2nm
6]

where V, and ¢ are the appropriate sheath and ionization
potentials, F is the thrust, and L is the energy of condensa-
tion. The total power in the beam as derived from Eq. (5)
was generally about 1.15 times the calorimetrically measured
power. It was found that a simple adjustment of the mass
flow rate, either upward or downward, would not correct the
discrepancy, which required instead a reduction in the magni-
tude of the coefficient of # in the first term of Eq. (5) from
16 ev to 12 ev, or in the magnitude of the thrust by about
129, or some combination of both.

V. Discussion

The very large value of the Hall parameter which charae-
terizes these experiments causes the electronic component of
the arc current to run downstream along flux tubes, seeking
regions of lower Hall coefficient. The Hall parameter, de-
fined in terms of the electrical resistivity » by w/v = B/nen,
is between 30 and 100 at the position 90 cm downstream of the
arc head where the electron temperature and density were
measured with probes. w/» increases towards the arc head
since B/n = const., and the resistivity decreases as the elec-
tron temperature increases. For example, Fig. 12 shows that
the electron temperature must be approximately 4 ev in the
vieinity of the arc head, and w/» == 100 to 300.

The azimuthal current density due to electrons circulating
with the £ X B drift is neE/B, or approximately 20 amp/cm?
for the conditions of the arc. The radial current density is
then 20 »/w amp/cm?, or somewhat less than 0.1 amp/cm?.
In the same regions ions are accelerating in the azimuthal
direction and reduce the net plasma current. An estimate
of the net current may be made by observing that the radial
electromagnetic forces are balanced by the centrifugal terms.
Then, writing the radial equation

pve®/T = me (v. — vi) B = joB. (6)
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where v; is the rotational velocity of the ions, and v, = v,
where vp is the £ X B drift, we find that

;2 + V; — VUp = 0 (7)

v, = Ber/M, and is the velocity of ions of mass M gyrating
with radius r in a magnetic field of strength B. Estimates of
the magnitude of the ratio v,/vp show that for these arc
conditions 1 < v,/vp < 10. The corresponding range of
values for v:;/vp is 0.6 < v;/vp < 0.9. The 20 amp/cm? of
circulating electrons are offset by some 15 amp/em? of ion
drift, for a net current in the azimuthal direction of approxi-
mately 5 amp/cm?.

The electromagnetic force terms which contribute to plasma
acceleration have been described many places. A discussion
of the 7 X B terms will be attempted here with the possible
range of values for our arc operating conditions. As a set
of nominal values we take: Jue = 350 A, Vae = 58 v,
B., = 2000 G at Magnet Plane, B.s, = 1500 G at Anode Face,
m = 25 mg/sec Li corresponding to 340 A Lit, rx = 1.9
cm, re = 0.55 cm.

Forces due to the interaction of the arc currents with By
are the self field forces j.Be and j.Be. j.Bs is axial; j.Bs
is radial and contributes to the axial force through the plasma
pressure. The magnitudes of these terms for the nominal
arc conditions are

JBo: (uo/4m)I*[3 + In(ra/re)] = 1.85 g ®
J:Bo: (no/4m)I%(3) =0.63 ¢

The application of an external magnetic field to the coaxial
MPD arc introduces the additional terms j.B., j.B., jeB.,
and jgB, into the expansion of 7 X B. The force terms tend-
ing to put the plasma into rotation are j.B, and j.B,. Asis
the case with the self-field forces, the upper limit of these
terms may be evaluated without specific knowledge of the
current distributions. The actual location of the current
carrying region and the spatial distribution of the forces pro-
ducing plasma rotation do not change the value of the torque
on the plasma.

The torque may be established by integrating j,.B. radially
in the plane of symmetry of the magnet, where B, = 0. The
value of j, is that corresponding to the total arc current;
and the limits of radial integration are determined by project-
ing the radial position of arc attachment on the anode and
cathode back to the magnet plane along flux tubes. The
torque on the plasma is

= § BI (R.* — R?) = d/di(iw) 9)

where B and I are the magnetic field and arc current, B, and
R. are the anode and cathode radii projected to the plane of
the magnet and ¢ is the moment of inertia of the rotating
plasma. When the plasma rotates as a solid object, i.e.,
vp = wr, the time rate of change of kinetic energy in rotation
is

P = d/dt % iw? = mw? (B2 + R.2)/4 (10)

Conversion of the rotational energy to directed flow results
in a thrust 7

T* = % m% (R + R.2) (i1)

The torque is m (B2 + R.%) w/2. Substituting for 7w, and
the torque,

T ~ (2V2/2)BIR, [I — 3(Re/R4)?] 12)

The axial thrust due to conversion of rotational forces does
not exceed 71 ¢ for the nominal arc operating conditions.

It has been assumed without discussion that rotational
energy and momentum are converted to axial thrust through
expansion in the magnetic nozzle. An insight into this pro-
cess may be obtained from an examination of the motion of
an element of mass which is confined to a flux tube and ex-
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pands with the flux tube. The angular momentum residing
in the element of mass ém is Ps = dm vg r. Since dpy/dz =
0, we have

dm[r Ovg/dz -+ vedr/0z] = 0 (13)
At the same place we have
or/dz = B,/B, (14)

The total energy 3 om (vo®> + v.%) is conserved. Differen-
tiating with respect to 2

dm(vedvg/Qz =+ v, Ov./0z) = 0 (15)

The axial force on the element of mass may be expressed as
OW ./0z where W, is the axial energy of the element of mass
om. Then

F, = 0W./oz = ém v, ,/0z (16)
and substitution from Eqgs. (15) and (13) yields
F. = dm(ve?/r)Or/0z a7

The force per unit volume is
fe = (pvo*/r)0r/0z (18)

As a condition of radial confinement we have from Eq. (6)
that p ve?/r = jsB.. Also, 0or/0z = B,/B., so that Eq. (18)
becomes

J: = joB: (19)

We see, therefore, that the axial force joB, allows a rotating
plasma confined to a magnetic field to expand or contract
with the flux tubes with conservation of the rotational angu-
lar momentum. Boyer, et al.'” show that the condition for
magnetic containment leads to the following relationship be-
tween V., and the magnetic field strength at the outer
electrode

(1 + me/mi) [Vrot/ln(RA/RC)]2 = BA4RA2RC2/
[2MonMi(RA2 - Rc2)]

Our case of 1500 G at the anode and Vit = 35 v corresponds
to a maximum contained particle density of approximately
6 X 104 em 2.

An alternate description of the azimuthal currents may be
obtained from an examination of the electron and ion drifts.
The principal drifts arise because of the crossed £ and B
fields, and from the centrifugal force. The general expression
for the drift velocity is

Vo =7 X B/(B? (20)

The E-field drift has for the force term eF so that ions and
electrons drift in the same direction and tend to produce no
net current as vp; approaches vg,. The centrifugal drift,
however, is in different directions for particles of different
charge and always results in a net current. Summarizing,
for singly charged particles

jo = ne[—ve = (v; — v&)10 (21)

where v, is the centrifugal drift velocity and vz is the drift
velocity due to the electric field. The plus sign occurs with
normal polarity (center electrode negative) and the minus
sign oceurs with reverse polarity. B has components in the
positive r and 2 directions.

The importance of the sense of the various azimuthal drifts
has been demonstrated by reversing the polarity of the are.
Coaxial MPD arcs operated with the center electrode nega-
tive produce a well defined plasma plume. When the center
electrode is positive there is no emergent plume and nearly all
of the are power is dissipated in the electrodes.’® Qualita-
tively the are performs better when the ionic current due to
the centrifugal drift is in the same direction as the current
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due to electrons drifting in the £ X B direction. Because of
the ion inertia the electron drifts in the £ X B direction are
the first to develop and it appears to be necessary for the
successful generation of the are that the 7 X B forces from
the electron drift be in such a direction as to force the gas
off of the outer electrode.

The Hall acceleration term joB, is in fact equivalent to the
steady-state expansion along field lines of a rotating fluid
confined to a magnetic flux tube. As a consequence, the
thrust developed in a MPD are by 7 X B forces is given by
the sum of the self field forces [Eq. (8)] and the conversion
of rotation into directed flow [Eq. (12)]. Further considera-
tions of the rotation are described in the Appendix, where
conclusions concerning the efficiency and mass flow rate are
derived. These may be summarized by observing that the
analysis leads to a thrust efficiency of 0.5% (excluding thermal
and self-field thrusts) and that the mass flow rate should be
> m;I/2¢ where I is the arc current.

The rotational analysis shows that part of the are voltage
is due to a back emf developed as the fluid rotates in the
magnetic field. The back emf should be functionally related
to the arc parameters according to

th = voB R (22)

However, the azimuthal velocity should be linearly related
to the strength of the applied magnetic field, so that Eq. (22)
becomes

Vet = BUR?/(2m) (22’)

It is experimentally observed that the arc voltage tends to
favor two modes, a low-voltage mode in which the voltage
increases only linearly with the strength of the applied mag-
netic field, and a high-voltage mode in which a B2 dependence
is indicated.* Quantitative agreement with the magnitude
of Vet in the low voltage mode is obtained for a wide variety
of working fluids when the Alfvén critical velocity is substi-
tuted for vslve, = (2e¢p;/m.)Y2], where ¢ is the first ionization
potential of the working fluid. Since the Alfvén velocity is
judged to be significant only in regions of partial ionization
it appears that the arc voltage is governed in the low-volt-
age mode by rotation where ionization oceurs. As the feed
rate is reduced the arc voltage increases, and tends to show
a square law dependence on B, in agreement with Eq. (22').
At the same time, the power loss to the electrodes increases,
and it is not always possible to prediet for a given arc whether
operation in the high voltage mode can oceur without elec-
trode destruction.

A space charge field always accompanies 7 X B accelera~
tion of plasma if electrons carry a large fraction of the current
and the collisional rate of momentum exchange from elec~
trons to ions is inadequate to transmit the force. Electrons
experience the 7 X B force and tend to move away from the
ions. If the geometry is suitable, as for example, it is in a
parallel electrode accelerator, a strong axial electric field is
established by the separation of charge which transfers the
force to the ions. The j X B force in MPD arcs is pre-
dominantly azimuthal, and there is no opportunity for charge
separation as long as the arc is azimuthally symmetric. Since,
however, the electrons carry some of the current, and the col-
lisional transfer rate is very slow for the plasma densities in-
volved, it becomes necessary for an electric field of strength

By = j.B./(ne) 23)

to accelerate the ions azimuthally. In order to allow the
existence of Ky the arc symmetry must be destroyed, as has
been demonstrated in nearly all MPD experiments. It

§ Recent numerical calculations indicate that if acceleration
takes place in a diverging magnetic field, thrust efficiencies
greater than 0.5 may be obtained under some conditions of down-
stream current extension.
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appears, then, that the results of pulsed experiments on
plasma acceleration’® may have relevance to the azimuthal
acceleration of plasma in MPD arcs.

V1. Conclusions

The electromagnetic acceleration of lithium ions is well
established by these experiments. The plasma plume is fully
ionized and the axial energy of the lithium is too great to be
accounted for by the expansion of a heated gas. However,
several unexpected features of the arc operation have emerged
from the experiments. Principal among these is the down-
stream extension of the arc currents; associated with this
phenomenon appears to be the fact that current streamlines
follow the magnetic flux tubes into regions of remarkably
small magnetic field—fields as low as 20 G. Another feature
which appears is the fact that the thermal efficiency, defined
a8 Ppeam/ VI, is virtually independent of all arec parameters
(except at very low B, and zero B.), and assumes the value
0.70 == 0.03.

Appendix

The steady-state problem which leads to plasma rotation
in a MPD accelerator has many features in common with the
startup of a homo-polar motor.

It is well known that, aside from the starting transient, a
motor, whether homo-polar or otherwise, approaches unit
efficiency as the motor resistive impedance goes to zero.
Insofar as the plasma motor is imagined to be a steady-state
device, is it not likely that it, in analogy with the steady
motor case, is capable of unit efficiency? We examine whether
this is the case by consideration of Fig. 14.

Conducting gas which constitutes the rotor enters from the
left. There are no axial forces in the problem considered
so that the axial flow remains uniform at veloecity »,. There
is a resistor Q in the circuit so that the sum of the back emf
at the position Z where the angular velocity is w (assumed
to correspond to rigid body rotation) and the drop through
the resistor, ¢, is equal to the applied voltage V,. We let
the density be defined by p = p.f(r), where f(r) is an arbi-
trary function, and find the following expressions to hold.
Increase in angular momentum across AZ:

AP(Z) = 2mp, [ f # raf(r)dr]dez (A1)

Increase in energy in rotation across AZ:

AW (2) = 2mpe(2)] . # o dwaZ  (A2)
Torque on the element:
L(Z) = }(Z)B[R? — 1) AZ (A3)
Ohm’s Law
V. = 30(Z)BR? — 1) + 1(Z2)QZ) (A4)

Since

R
m = 27vzp, fr rf(rydr
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we have that the time for an element of fluid to traverse a
distance dz is dz/v. = di, or

dt = (2mp, /1) f B i)dr

Then,
Rate of increase of angular momentum:

1@ = ap@)/dt = n [ [ " rwir | do / [F ritryar
(A5)
Rate of increase in energy in rotation:

AW (2)/dt = LZ)w(Z) = me: f # r3f(r)dr:|dw /
fr B ofdr  (A6)

Letting the axial distribution of current be described as

1(Z) = 1,f(Z) where f(Z) is an arbitrary function, the total
current 7 is

[ is@a

where Z; is the limit of downstream current extension. Then,
solving for the angular velocity as a function of axial position

w(Z) = Bi,(R? — 1) f B oty f " @z /
' <2m f f r3f(r)dr) (A7)

The kinetic power in the fluid W5 is
f Y (2)de

or

Wi = BuAR? — 12)? f ) f ' 12) %

[ f “ f(Z’)dZ’]dZ / <4m f # rsf(r)dr) (AS)
Solving for V,

V, = BI(R — 1) f i) / (4m ﬁ f raf(r)dr) (A9)

The efficiency » defined as the ratio of the kinetic power to
the total input power is

n=wyavy = [ @[ [7 sznaz]az |

zZ
([ saz)’
It may be shown that for all forms of f(Z)

2 f T 12 [ f i f(Z’)dZ’]dZ = [ f 7 f(Z)dZ]z

Thus n == 1.

An expression relating current and mass flow may be ob-
tained from the preceding relationships when it is assumed
that the kinetic energy of ions is not greater than that gained
by falling through the applied voltage. This assumption is
consistent with the collisionless character of the flow. The
kinetic power obtained by a stream of ions having an energy
some fraction 8 of the applied voltage is mZeBV,/m:. Equat-
ing this expression to the kinetic power given by Eq. (AS),

ET AL.
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one obtains after some manipulation that
mZe/m; = 1/B (A10)

This analysis shows that the efficiency of conversion of elec-
trical power directly into rotational kinetic power is accom-
plished with an efficiency of 4, and that an equal amount of
power is dissipated in joule losses. The resistors Q are present
in order to allow Ohm’s Law to be obeyed at all places where
current flows and the rotational back emf is not equal to the
applied voltage. In reality, they are composed of sheath
drops and ohmic resistance in the plasma. The energy which
is deposited by joule heating of the plasma may be recovered
in part by expansion, but the efficiency of conversion of elec-
trical power directly into kinetic power is 4 for the type of
plasma motor discussed. Various realistic losses in viscous
flow, and conversion from rotational to axial flow will reduce
the efficiency somewhat more.
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