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MICROINSTABILITIES IN HIGH POWER MPD SYSTEMS: PRELIMINARY DIAGNOSTICS
Erik C. Bowman"
Dennis L. Tiley-

ABSTRACT
Experiments were performed on a MW level self-field
MPD thruster operating near, but below the onset current using
argon propellant. Locations inside the thruster and in its plume
were examined for microinstabilties operating at the lower-hybrid
frequency. Plasma fluctuations at the lower hybrid frequencies
were not seen. However, oscillations in the 100-300 kHz level
were observed. Mean plasma properties measured by these
experiments were also used to determine the electrical
conductivity by a new method which a based on kinetic theory
while attempting to incorporate the effects of microinstabilities.
The effect of anomalous resistivity in the 1 eV temperature range
was fairly close to what has been seen in previous studies, but
differs at lower and higher temperatures. It is possible the
differences may result from the new method's inclusion of collision
type not previously considered.
I. INTRODUCTION
MPD thruster has very low efficiencies
an
Currently,
(<30%) where a minimum 60% efficiency is required to make the
MPD thruster competitive with propulsion systems currently
1
available . The questin s, what happens to the other 70% of the

electrical conductivity of the plasma, j * current density, V .
volume (a volume integral), h c.mass flow and . One can see
that as o decreases, the second term in the denominator,
representing the increase in thermal energy due to ohmic heating,
will increase, decreasing the efficiency.
The classical value of electrical conductivity can be
expressed by the mean free path formula:

(3)

0 ne

°ad=
where d classical electrical conductivity, e charge ofan
electron, me a mass of an electron, and va/ * electron-ion
collision frequency.
Micoinstabilities reduce electrical conductivity by
effectively increasing the collision frequency. Ultimately, if the
occurrence of microinstabilities can be controlled, efficiency of the
MPD thruster may be Increased.
For an extensive review of the past work in this area of
research, please consul references 3,5, and 31. Present
research on plasma instabilities in MPD thrusters can be split into
two efforts. The first effort is concentrated on the investigation of
macroscopic plasma instalbilitis as an explanation of the so

power? Recently, Choueiri has suggested that a significant
portion of the input power is converted into non-recoverable
of
internal energy modes and thermal modes by the pr
microscopic plasma instak'lites, or mioinstabUie .

Onset is the operating point
called "onset phenomenn "
wher variou processes detrimental to theMPthruster, such as
excessive electrode erosion, begin to occur
. This operating

The mechanism by which microinstablities affect
thruster pormance is by signifcantly changing the magniudes
Svarious transport properties such as viscosity, diffusion, and
conductivity. This anomalous transport leads to undesirable

point is generally observed at a critical thruster current; above this
current, high frequency terminal voltage fluctuations are observed.
The second effort is concentrated on the investigation of the
thruster
effects of mcroinstabilties on the performance of M

plasma heating due to such effects as additional vcous
dissipation and greater ohmic heating. As the MPD thruster uses
primarily electromagnetic forces (rather than electrothermal
forces) to provide thrus the power dissipated into heat is
essentisly wasted. This wasted power result in the w
wth the MPD thruster.
assoat
effiencies
ssuming an azimuthy symmtricradial discharge,

. This
perating at current levels below the onset current
paper is focused on the second effort.
As of now, theoretical wrk has concentrated on the
of a mode
investigation of he linear and non-linear charac24t
. This
which operates near the lower hybrid frequency
the generaized lower hybrid drift instability
mode, ted
is expected to dominate the anomalous transport
1
(GLHDI)
MPD thruster. Experimental evidence for the
in
the
properties
existence of this instability has also been o bained in a MW level

the thruster efficiency can be written as follows

1
S"

thruster and those operating at 10 kW

21
1

(1)

dVo

f

. In addition,

evidence for a microinstabilty operating at the harmonics of the
electron cyclotron frequency (the electro 3cotron drift instability)
was also found in a 10 kW MPD thruster

In the preceding equations, the electromagnetic thrust coefficient,
b, is

ba n

r_P

(2)
c

where ra = radius of anode, rc = radius of cathode, Po =
permeability of free space, and il a thruster efficiency, o

The overall objective of this research is to
investigate and characterize the effect of microturbulence on MPD
thruster performance, with a secondary objective of evaluating
some anomalous transport models. In an attempt to meet this

objective, research was divided into two major subtasks. 1)
Experiments to determine locations in a MW level MPD device
where the GLHDI operates were performed. Mean plasma
properties were measured simultaneously with fluctuation
measurements, and magnetic field strengths were also measured.
These results will be discussed in the section II. 2) The results of
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the measurements were then used as inputs to a computer code
to estimate electrical conductivity by two differing methods. The
work done in this area will be presented in section III. Some
tentative conclusions are presented in section IV.
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II. EXPERIMENTAL WORK
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Figure 2 - Thruster test pattern
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microinstability. Since the GLHDI has a characteristic frequency
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near the lower hybrid frequency, it was hoped that a peak near
the lower hybrid frequency would be observed in the power
spectra, indicating a high probability that the GLHDI was present
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at that location. However, to find the lower hybrid frequency at a
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given location, the magnetic field strength must be known. Thus,
the magnetic field strength was also measured. Measurements
were desired both in the near plume and inside the thruster, so a
22 point test patem involving locations in the thruster plume and

Figure 1-Sample current and voltage traces

inside the thruster was used. This test pattern, which is shown in
Figure 2, was formulated assuming that the plasma discharge
would be axially symmetric. Location numbers from this figure are
referred to throughout this paper. It may be noted that points 17
and 23 refer to the same physical location. The different numbers

Experiments were performed on a MW level, quasisteady self-field MPD thruster with a 1-2 millisecond pulse
duration at the Electric Propulsion Laboratory at the Philips
Laboratory at Edwards Air Force Base in California. A complete
description of the facility and thruster used can be found in
reference 21. In summary, the test chamber was 8 ft in diameter
and 12 feet long, pumped by tg 10 inch diffusion pumps to a
vacuum pressure in the low 10 tonr range before firing the
thruster. The thruster is cylindrical in shape; the anode was 3
inches in diameter and 2 inches long, and the cathode was .5
inches in diameter and 1 inch long. For these experiments, a
mass flow rate of 2 g/sec of argon propelant was used. Onset
phenomenon was observed to occur at a current level of 8 kA and
tfih = 32 ABsecg). The
a terminal voltages of 135 V (to
operating condition chosen to perform the internal diagnostics
was at a current of 6.8 kA and voltage of 100V, with a pulse

have been utilized in order to assist in tracing any hysteresis
effects.

duration of approximately 1.3 miliseconds. The thruster voltage
and current traces are shown in figure 1. This operating point ( I/tth
= 23 Asec/g) was chosen because it was the highest current
level at which the device could be estimated to enter the onset

devices . Unfortunately, it did not work well in the quasi-steady
MPD device used in this work.

Magnetic Field Measurements
Measurements of the magnetic field were made at each
of these grid locations by magnetic field probes. Two different
types of magnetic probes were used to measure magnetic fields,
although only one type worked successfully. The first type of
probe used was a F.W. Bel BH-205 Hall generator. This was the
preferred type of probe to be used because of the linear relation
between magnetic field strength and probe voltage, and i has
been ue with a great deal of success in steady state MPD

One disadvantage of the Hall probe is that the output
is
voltage on the order of millvolts with a 100 G field. Extremely
large noise spikes at start-up of the quasi-steady thruster drowned
out any signal the Hall probe produced. In order to get a
discernible signal, an induction type probe with an analog
integrator circuit was used. The induction probe itself produces a

regime.
In order to detect microinstabilitie, it was necessary to
measure number density and electron temperature
13 18
fluctuations , . The use of power spectra of plasma property
fluctuations to identify and locate microinstabilities in the MPD

voltage which is proportional to the change in magnetic field with
time. Thus, to obtain the magnetic field strength, the signal must
be integrated. The probe used in these experiments had 75 turns

thruster is based on the expectation that peaks in the power
spectra should be near the natural frequency of the
2
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of .051 mm diameter magnet wire wrapped about a phenolic core
of 1.587 mm diameter and length of 1.5 mm, producing an
inductance of 4.1 pH. The coil was attached to the end of a 1.5
mm dia by 15 cm long stainless steel tube, which housed the
twisted leads from the coil. This entire assembly was placed
Inside a 4 mm diameter by 12 cm long quartz tube which was

I2 c

closed at one end to shield the probe from the hot plasma. This
type of probe is a ittle more complex due to the presence of an
integrator circuit, but much higher signal-to-noise ratios can be
achieved. This type of device has been used almost exclusively
in pulsed devices up to thi time, and It was used successfully in

n

Aoo

these experiments.

44

Calibration was accomplished by placing the magnetic
probe at a position where all of the measured current would pass
through a circle of radius equal to the distance between the probe
and thruster centerine. Application of Ampere's law produces the
resultant magnetic field to produce a calibration curve of 1.869
mVIGauss. A sample magnetic field trace is shown in figure 3.
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procedure, but the absolute values of the magnetic field
strength may be somewhat questionable at these points. In
addition, there is approximately 10% error in measured values
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were averaged. Smooth variations in magnetic field resulted from
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Figure 4 - Spatial Map of average magnetic field with contours for
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Figure 3 - Sample magnetic probe voltage trace
Only between 1-3 magnetic field measurements were
made at most locations due to time constraints. At these
locations, the magnetic fields determined from the voltage traces
are averaged. A spatial map of the average magnetic field at
each grid location is shown in figure 4. Based on the magneticfield measurements shown in figure 4, an enclosed current

cn

contour map was generated, shown in figure 5.
The major trend noticeable in the contour maps is that
magnetic field strength, B, increases monotonically as the
position moves towards the rear of the thruster, with the sharpest
gradients occurring inside the thruster. However, the region of
slrongest magnetic field for a given axial position was about

Figure 5 - Enclosed Current contours for operation at 6.8 kA and 2
g/sec mass flow. Measurements are expressed as fractions of total
current.

halfway between the electrodes.
Some unexpected magnetic field signals were
observed. Thus, inside the thruster at near-anode locations
(locations 18-20), the B-probe trace was not flat. This introduced
some error in determining the strength of the magnetic field. As a

Electron Temperature and Number Density Measurements
Measurements of both plasma fluctuations and mean
properties were accomplished through the use of the triple

3
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Langmuir probe. For a very detailed description of triple probe
theory, the Interested reader may consult reference 22 and
Appendix C of reference 23.
The triple Langmuir probe was sized to meet the criteria
discussed in the above works. The probe consisted of three .125

used as inputs into probe theory to arrive at mean values of
electron temperature and electron number density. Once again,
strict time constraints only allowed the acquisition of 1-3
measurements at each location.
It can be noted that the last six locations have

mm diameter tungsten wires aligned parallel to each other and the
thruster axis. Each wire had an exposed length of 4 mm and was
housed in .25 mm diameter alumina tubes for electrical insulation,
With this configuration, the area of each exposed wire was fixed

abnormally high electron temperatures, with position (19) having
an extremely high value. As stated earlier, points (17) and (23)
comprise a check for hysteresis, thus providing an indication of
the error in the last six points. Not only was there a significant
difference between the values at points (17) and (23), but all of

2
at 1.57 mm . The alumina tubes were housed in a 4-hole
alumina holder to form a triangular arrangement of the wires. The
separation distances between wires was approximately 2 mm.
The voltage between the first and third wires (Vd3) was set at 24
V; this is an important value in applying the probe theory. In the
calculation of T and ne, Laframbe calculations were used via
the Peto -Talbot curve fits * and Bohm's thin sheath

the points in between were far beyond the range of expected
results.
2

ANCDE

criteria
. Exact probe theory was applied to measurements
at most locations, while thin sheath theory was used at
questionable points to allow the construction of property contour
plots. However, the thin sheath theory may not have been valid at
those points, either.
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increases at locations toward the rear of the thruster, and
increases as one approaches the anode. The sharp gradients in
Te apparent in Figure 7 are a result of the abnormally high
voltages measured in the anode region inside the thruster.
A contour map of electron number density is shown in
Figure 8. Examining the map, the number densities are highest
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A contour map of electron temperature is shown in
Figure 7. Examining the map, there appears to be a low
temperature pocket starting at the exit plane near the anode, and
radially outward. In general, electron temperature
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Figure 7 - Contour map of electron temperature for current of 6.8
kA. Units in eV.
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near the cathode, with fairly steep gradients. In general, there is a
large decrease in the number density with radial position, and a
smaller increase in number density as one approaches the rear of

Figure 6 - Sample probe voltage and current traces

By acquiring probe voltages and currents on
oscilloscopes set to different time and voltage scales, both
fluctuations and mean properties can be measured
simultaneously. Also, thruster current and voltage were
monitored simultaneously on a second oscilloscope set to the
same time scale as the mean plasma property measurements.
The frequency response of the triple probe was checked and
found to be sufficient for the 5 kHz to 5 MHz range, with
attenuation occurring at higher frequencies; this was the range in

the thruster.

which the lower hybrid frequency operates for the measured
magnetic field strengths.

every five firings in order to clean the probes by ion
bombardment. When the probe was in the plume, this technique
seemed successful in keeping contaminants off the probe as

Mean Poperties:

evidenced by the lack of spurious results. However, as the probe
moved farther into the thruster, strange signals resulted. Cleaning
the probe more frequently inside the thruster might have

Unfortunately there is significant error in the absolute
temperature and number density, which can be
of
electron
values
as great as a factor of two. Facility problems resulted in the loss
of a rotational capability in the probe mechanism. As a result, the
probe could not be aligned with the flow, nor could errors
associated with non-alignment be investigated.
Probe contamination was also a significant factor. To
prevent contamination, glow discharge cleaning was performed

A sample probe trace for location 11 is shown in figure
6. Mean voltages and currents in the flat portion of the pulse were
4
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fluctuations; the fluctuations started to approach or even exceed
the mean values.
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Figure 8 - Contour map of electron number density at a current of
6.8 kA. Units in m"3 x 1019
SI.

alleviated the problem, but once again time constraints did not
allow the correction of deficiencies. Probe contamination is an
extremely complicated process and its mechanisms and effects
are not well known, so error resulting from this effect is difficult to
quantify.
An unexpected source of error was the perturbation of
the plasma and current paths by the triple Langmuir probe. When
the probe was placed in locations 17,19, and 20 the near-anode
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region, particularly location 19 (corresponding to the plane of the
cathode tip), large thruster terminal voltage oscillations occurred.
These oscilations seemed extremely similar to those which result
from onset (operation occurred at current levels 15% below the
previously measured onset current) but as the phenomenon was
not examined further this cannot be stated conclusively. It should
be noted, however, that this phenomenon stopped when the
probe was moved to a new location.
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Plasma Fluctuations:

The triple langmuir probe is used to measure the
frequency content of the local plasma fluctuations. Langmuir
probe theory states that the tple probe voltage fluctuations are a
function of electric field fluctuations and the electron temperature
fluctuations, while current fluctuatns are a function of electron
temperature and number density . Evidence for the GLHDI is
taken to be an observed peak inthe power spectra of the plasma
fluctuations at the lower hybrid frequency (local lower hybrid
frequency is calculated from the magnetic field measurements).
The rationale behind this technique isbased on the fact that each
microinstability which may exist in the MPD thruster operates near
. This study was particularly
its own natural frequency
interested In the GLHDI, which operates near the lower hybrid
frequency, which was expected to be in the 1-10 MHz range.
Sample probe traces for the high frequency oscillations and power
spectra at location 11 are shown in figure 9.
The probe traces were, in general, as expected in the
plume region and were only slightly different inside the thruster
along the cathode. The mid-anode and near anode locations
inside the thruster exhibited sharp increases in the strength of the

Figure 9 - Sample high frequency oscillation signal from the triple
Langmuir probe
The power spectra at all thruster locations were very
similar. Most of them exhibited a broad band peak centered
between 100-300 kHz depending on measurement location; in
general, the frequency of this peak increased as one moved
inside the thruster. (Unfortunately, frequencies in this range were
not expected, being an order of magnitude below the lower hybrid
frequency. The oscilloscopes were set for the wrong time scales
to accurately measure the frequencies of these peaks; the above
numbers should therefore be treated as only order of magnitude
estimates. This peak may be on the order of the frequency
expectd of the global hydrodynamic instabilities associated with
acroscopic
onset
, which have been ostulated to be eth
electron acoustic instabilities , Pierce instabilities , or electrothermal instabilities .
However, a dear peak inthe frequency spectra at the
lower-hybrid frequency was not observed at any location in the
thruster. There might have been an indication of lower hybrid
5

1152

1153 IEPC-93-125
oscillations at location 11, but the observed peak was so dose to
the noise level as to be inconclusive.
These results were unexpected. Previous work by

others had suggested that lower
would be present inmany locations

fY

electron-on collision frequency, referred to as anomalous
collision frequency'
:1

ncy oscllatin
. In addition,

(0.12 *

v

(veP)AN

+ 0.2120e t

calculations using measurements of the mean electron
temperature, mean number density, and magnetic field gradients
yielded UdeN values ranging from .92 to 4.75. Since the GLHDI
is expected to occur when Ude/ti > 1.5
itwas surprising to
find no evidence of this mode anywhere. However, as stated
earlier, there may be erors of as much as a factor of 2 in both Te
and n, due to the non-alignment of the probe with the ion flow
*
vector, probe contamination, and probe perturbations.m
Consequently, Udti could fal below 1.5 everywhere in the
thruster when this error is taken into account.

0.033

.
- 8,27x10-s

(0.00123 - 001580

+
Ty

- 0.007890,)

(

whe
where

P

(v g ),.

« anomalous momentum exchange

collisionfrequency and 0e a electron hal parameter.
3) Asuming only electroion interactions are
significant and anomalous and classical resistances can be added

Calculation of Electical Conductivity
Electncal conductivity is the transport property which
I.

can be described as a measure of the current flow through a
potential difference, and itcan be affected by such factors ascalculated
collisions or anomalous effects resulting from the presence of
instabilities. Thus, it seems to be a worthwhile parameter to

in series, equation (3) can be modified to allow calculation of an
overall effectiv conductivity, defined as conductivity which
results from both classical and anomalous effects. It can be
calculated using:
e2

gf

=

assess the presence of anomalous effects. An attempt is made in

m

the following section to provide some tentative estimates of
electrical conductivity in the ranges of parameters measured in
the experiments discussed earlier.
The determination of electrical conductivity may be
carried out by employing various methods of calculation, such as
15 16
(henceforth referred
the method used by Caldo and Choueiri
to s e ean free path (nmp) method) and that used by
(referrd to as the Base method). The chief
Boe

e

)AN)

+ (v

(v

(5)

Bose Method:
o

Met

1) Calculate plasma state as in 1) above.
2) Calculate anomalous momentum exchange colision
frequency as in 2) above.
3) It is assumed that an anomalous colision crossstion can be calculated according to:

differences between the two methods are as follows.
1) The mean free path method used a two fluid model,

I

P

iiQP

(6)

while the Bse method uses kinetic theory.
2) The mfp method modifies equation (3) to calculate
electrical conductivity, while the Bose method uses a 4th order

where Q P

Sonine Polynomial expansion.

section.

3) The mean free path method assumes that only
electron-ion collisions are important; the Bose method accounts
for al two body collisions involving ons, electrons, and neutrals.
4) The mean free path method assumes that only no is
important, while the Bose method attempts to account for different
levels of ionization and different species concentrations.
The folowing procedures and assumptions are utilized

4) Tabulated data for collision cross sections which
have diffeent angular and speed dependencies is not available
for anomalous effects, but they are required to make the Bose
computer code work. Thus, the following scaling relation was
used to fabricate the needed cross sections:

to apply the mean free path and boe methods.

anomalous momentum transfer coNision cross

Q(
Qd

Qc,

Mean Free Path Method:
1) A quasi-equlibrium state is determined, assuming
the state can be described in terms of the -total pressure, p,the
heavy particle translational temperature, Th, and the translational
temperature of the electrons, Te . It is assumed that the species

In this equation, 0(an

d

a

the modified anomalous collision cross

section accounting for sped and angular dependencies, Q (l')
a the tabulated classical cross sections accounting for speed and
1
angular dependencies, Q 1)d) the maximum classical cross
the cross section calculated directly from
section, and a
equations (4) and (5).
5) Each anomalous cross section is added to each
corresponding electron-ion classical cross section to obtain an
effective collision cross section:

excitation temperature is equal to To . Mole fractions of the
various ionized species ar determined through the use of
generalized Saha quations according to the Monti-Napolitano
2
and Veis model ' , which is based on the princple that the
total species partial pressure does not change due to chemical
reaons.2) Assuming ion-trapping is the method of non-linear0(J

=ff

damping of the GLHDI, Choueir has calculated an analog to

6

L

+

Q(3an

(8)
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regardless of method of calculation. This leads to the use of only
one method of calculating the species composition of the gas.
The electrical conductivities calculated by both the Bose
and mean-free path methods were calculated for a variety of
conditions. The pressure was held approximately constant, while

where Q""' * the effective collision cross section accounting
for speed and angular dependencies and Q(L s)e the tabulated
classical electron-ion collision cross sections accounting for speed
and angular dependencies. Anomalous effects are not
superimposed on any other types of collisions. For argon the
following potentials are used to determine classical collision cross

the electron temperature and ratio of electron-to heavy particle
temperatures were varied. The range of electron temperatures
spanned from 5000 K to 35000 K, and the temperature ratios
t
spanned from .5 to 1.8. A plo of electrical conductivity vs.electron
temperature is shown in figure 10 for a one-temperature plasma,
Hall parameter of 1, and pressure of 10 Pa.
Examining this figure, one may notice the
discontinuities in the electrical conductivites at a few
temperatures, regardless of the method of calculation used.
These discontinuities occur at the temperatures where the primary
heavy species changes ionization levels. It may also noted that
both the conductivities calculated by the Bose method are
considerably higher than those calculated by the mean-free path
method.
If the ratio of effective to classical conductivity is
examined, as shown in figure 11, the ratio is constant throughout
the entire temperature range for the mean free path method,
showing the effective conductivity to be approximately 30 per cent

sections.
Neutral-neutral: exponential repulsive potential
Electron-Neutral : experimental gas-kinetic cross
sections
Ion-Neutral: charge transfer cross sections
Ion-Electron: attractive coulomb potential
Ion-Ion: repulsive Coulomb potential
Electron-Electron: repulsive Coulomb potential
6) To calculate the electrical conductivity, a fourth order
Sonine polynomial expansion was used. The equation used to
calculate electrical conductivity is

0

ne#
l [D
kT

=

ID-

3

f12nkT

2n

4

(9)

lower than the classical conductivity. In contrast, absolute

S112
q1

temperature does play a significant role inthe ratio of effective to

(10)

me

classical conductivity using the Bose method of calculating
transport properties. The effective conductivity using the Bose
method approaches the classical value at low temperatures, it
approaches the effective/classical ratio of the mean free path
.
.
"^
.
method in the temperature regime which corresponds to full, but
.,
.
L (
.
single ionization, and approaches the classical value

where
is the determinant of th Sonne poomial,
where (q| is the determinant of the Sonine polynomial. (11 lthe
firstminor of the Sone polynomial, xe iste ect
first minor of the Sonine polynomial, x is the electron moe
and n is total is deed as
fraction,
number density.
fraction, and n istotal number density. (De| is defined as the
e
fourth order lectron-ecton diffusion e
fourth order electroreectron diffusion coefficient

asympotically at higher temperatures.
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Figure 11 - Ratio of effective/classical electrical conductivity vs.
electron temperature for both the Bose and mean free path
methods.

I(housna)

Figure 10 - Electrical Conductivity vs. Electron Temperature for a
one temperature plasma at a pressure of 10 Pa. Results for both
effective and classical resuls based on both the Bose and mean

The effects of Hall parameter on the effective and
classical conductivities are shown in Figure 12, for a single
temperature plasma at 10 Pa, and electron temperature of 31500
K. The classical conductivities have no dependence on Hall

free path methods are shown.

To gel an accurate comparison of the mean free path
and Bose methods of calculating electrical conductivity. the
number densities of each species must be kept the same,

parameter. Unlike the classical case, the Hall parameter has a
noticeable effect on the effective electrical conductivity for both
methods of calcultion. As the Hall parameter increases, the

7
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effective conductivity drops. For both classical and effective
values, though, the Bose method produces much larger

Conductivity Ratio vs. Hall parameter

conductivites than ts mean free path counterpart.

effective/clksical conducivity
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Figure 13 - Ratio of effective to classical conductivity vs. Hall
parameter for pressure = 10 Pa, single temperature plasma at31500
K. Both the Bose method and mean free path method are shown.

Figure 12 - Electrical conductivity vs. Hal parameter for a one
temperature plasma at a pressure of 10 Pa. Results for both the
Bose and mean-free path methods are shown.
The ratios of effective to classical electrical conductivity
for the above conditions are plotted vs. Hal parameter in Figure
13. From this plot it is dear that although electrical conductivity
drops significantly with Hall parameter regardless of the method
used, this drop is much less drastic If the Bose method is used.
The mean freejat case matches the results shown by Caldo
and Choueir 2 ''
, albeit in slightly different form.
The discrepancy in the magnitude of the conductivities
is due to the methods being used to calculate the conductivity.
Mitchener and Kruger state that the mean-free path formula gives
a good order of magnitude estimate of e cical conductivity, but
can be off by as much as a factor of two . They also state that
better values can be obtained by using Sonine polynomial
approximations . The higher order the Sonine polynomial
approximation, the more accurate the result. However, the
Sonine polynomials converge fairly rapidly, so the fourth order
approximation used by Bose in the calculation of electrical
conductivity is fairly dose to the exact result. Examining Figures
10 and 12 again, it can be seen thththe discrepancies between
the classical values of electrical conductivity difer by a factor no
greater than 2, which is within the uncertainty of the mean-free
path formula.
However, the strangest results involve the ratios of
effective to classical conductivty. The same curve fit for
anomalous collision frequency was used as the basis for
calculations of effective conductivity in both the mean free path
and Bose methods. However, the curve ft had no absolute
temperature dependence. Thus, one may wonder why the results
using the Bose method show a clear temperature dependence.
The answer lies in the interactions which were
accounted for in the Bose method, which were not accounted for

between the two methods seen in figure 11. The difference
between the mean free path and Bose method is much smaller in
the fully ionized regime, and may be due to either the electronelectron interactions accounted for in the Bose method which are
not accounted for in the mean free path method, or it could result
from the scaling relation used in generating the unknown, but
needed additional anomalous cross sections. The scaling relation
may introduce a sight bias towards higher conductivities.
However, as the plasma becomes even more highly ionized, the
ratio of conductivities according to the Bose method starts to
increase, reaching about 0.92 at about 3 eV (34,800 K). As
neutrals are even less likely at these temperatures, some type of
interaction must be becoming more important than electron-ion
interactions. These dominating nteractions could be electronelectron colisons.
As the plasma becomes more highly ionized, more
electrons are present for each ion, so the electron mole fraction
increases, while the heavy particle mole fractions decrease.
Therefore, if the temperature is raised high enough, electron-ion
interactions wil be so small compared to electron-electron
Interacions that anomalous effects wll no longer be noticeable.
One may think of the effect of accounting for additional
interactions as adding more water to a glass of colored water.
The more water that is added, the lighter the dye becomes (the
dye being anomalous effects).
Examining figure 13 again, these electron-electron
collisions also appear to have a significant mitigating effect on
effective conductivity at low to intermediate values of Hall
parameter, although this mitigating effect diminishes at very high
values of the Hall parameter.

by the mean free path method, namely electron-neutral and
electron-electron interactions. Obviously, at low temperatures,
there are almost no ions or electrons to cause the anomalous

Illustrative Example
Using data acquired at different locations inside the
thruster through the experiments described earlier, the Bose code
was utilized to determine electrical conductivity. In the

effects. The results indicated by the Bose method are thus
physically consistent but because the mean free path method
does not account for neutrals, there is a large discrepancy seen

experimental work, microinstabilities were not seen at any
locations. However, assuming microinstabilties may arise at
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these locations, the following lutration will show the differences
in conductivities which occur due to anomalous effects at two

Conductivity vs. Temperature Ratio

different locations inthe thruster and its plume.

Accounting for a-romnoa transport

The two locations selected had the following properties:
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Figure 15 - Effective electrical conductivity vs. ratio of electron to
heavy particle temperature by both Bose and mean free path
ethods. Point 1 and Point 2 are two different locations in the
thruster.

thruster locations. As can be seen, neither method shows much
variation at these locations for either case. The only noticeable
effect is that the mean free path method predicts that conductivity

Conductivity
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be approximately 12 per cent lower than for the Bose method
at these points. Higher or lower temperature ratios will, of couise
produce greater effects on these ratios of conductivity; however,
the temperature ratios shown are indicative of those occurring in
an MPD thruster. Although temperature ratio does have a smal
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electron number density assuming a single temperatur plasma.
Figure 14 shows plots of the classical conductivities vs
the temperature ratio, TTh. As can be seen for the classically
calculated values, deviations of temperature ratio from unity result
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in higher electrical conductivties. In addition, the conductivities
calculated by the different methods differ by a factor of
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Figure 15 show the efective conductivits vs. th
temperature ratio. Figures 14 and 15 are virtually identical witherent
the exception that all values of conductivity for both thruster

Figure 16 - Ratio of effective to classical electrical conductivity vs.
ratio of electron to heavy particle temperature. Point 1 and Point 2
thruter atin

locations are lower for the effective cases.
To see the effect that temperature ratio has on effective
conductivity, one may look at Figure 16, a plot of the ratio of
effective to classical conductivity vs. temperature ratio for both

One may note that both of these locations are
characterized by fairly low Hall parameters and rather high
electron temperatures and number densities. As effective
collision frequency is most strongly correlated with hall parameter.
9
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the mall effect of anomalous transport, regardless of the means
of calculation, is not surprising. However, this analysis seems to
show that the observable effects of anomalous transport at high
power levels are less f the Bose method is used than if the mean
free path method is used.
IV. TENTATIVE CONCLUSIONS
Some tentative conclusions may be drawn from both
the experimental and theoretical results of this work.
1) Microinstabilities do not seem to occur anywhere in
the MW level thruster at the operating condition investigated ( 12 /rh
= 23 A -seclg); however, much lower frequency fluctuations do
appear to exist (origin is unknown). However, a reason for the
lack of microinstablities may be that the UdeVti can be below the
threshold value of 1.5 at all locations when experimental error is
taken into account. Investigations at different power levels and
repeatabilty studies are required to determine if the lack of
microinstabilities is a function of high power devices n general, a
function of operating at hher values of 12lh while stil below
the onset parameter
, or if these results stemmed solely from
an erroneous test run.
2) The mean-free path method may be slightly biased
towards higher resistivity due to ts neglect of all collsion types
except electron-ion collisions. The scaling relation used in the
Bose method may induce a sight bias towards higher
conductivity, but the addition of electron-electron and electronneutral collisions seems to ntroduce effects on effective
conductivity which these authors have not seen before. Further
investigation of the effect of the GLHDI on anomalous resistivity
should be undertaken to resolve the differences between the two
methods.
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