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A novel scheme that employs the use of an auxiliary discharge has been shown to reduce markedly
anode sheath potentials in a transverse discharge. An 8.8 A low-pressure argon discharge in the
presence of a transverse magnetic field was used as the plasma source in this study. In such
discharges, the transverse flux that is collected by the anode is severely limited due to marked
reductions in the transverse diffusion coefficient. Findings of this study indicate that the local
electron number density and the transverse flux increase when the auxiliary discharge is operated.
Changes in these parameters are reflected in the measured anode sheath voltage. Anode sheath
potentials, estimated by using Langmuir probes, were shown to be reduced by over 33% when the
auxiliary discharge is operated. These reductions in anode sheath potentials translated into
significant reductions in anode power flux as measured using water calorimeter techniques. The
reductions in anode power flux also correlate well with changes in the electron transverse flux.
Finally, techniques implementing these positive effects in real plasma accelerators are
discussed. ©1997 American Institute of Physics.

I. INTRODUCTION (MPD) thruster have shown that power losses to the anode
can be as high as 70% of the input discharge pdvrawer

This work is part of an ongoing investigation whose pur-|osses at the anode of MPD thrusters have been shown to be
pose is to obtain an understanding of the effect that a trangelated to the magnitude of the transverse magnetic field
verse magnetic field has on anode sheath potertiitee  component inside the discharge chambéfitimately, the
basis of this research is essentially connected to fundamentgbal of this research is to understand why the losses at the
problems facing designers of various plasma acceleratoranode are so large and to determine how these losses can be
More specifically, the plasma accelerators referred to hersignificantly reduce through a better understanding of how
are used primarily for electric propulsion applications suchthe near-anode plasma behaves in response to changes in the
as satellite station-keeping, orbit transfer, and primary protransverse magnetic field.
pulsion. This field, known as electric propulsion, is essen-  This study is primarily a continuation of the near-anode,
tially a facet of rocket science that deals with engines whichree burning arc studies conducted at the NASA Lewis Re-
generate thrust by electrical means. These systems are gesearch Center by Soulas and My&fBheir work was essen-
erally categorized into three areas depending on how thgally a preliminary examination of plasma—anode interac-
thrust is generated: tions with the main focus resting upon identifying the effects
of the magnetic fieldboth direction and magnituglend the
local gas pressure on measured anode power flux and on
estimated anode fall voltage. The research in this present
work, however, concentrates on how changes in plasma
Because a number of these systems utilize nonEsx® properties themselves are related to the formation and
geometries to generate thrust, the need to understand specifjowth of the anode fall voltage as a function of transverse
plasma—electrode interactions under transverse magnetioagnetic field with the objective being to relate this micro-
field conditions naturally arises. Understanding processescopic viewpoint to the macroscopic one which includes an
that go on at the electrodes is particularly important in that itunderstanding of anode power deposition in actual MPD
yields information on engine lifetime, which is related to thrusters. MPD thruster studies involved in characterizing
erosion phenomena occurring at the electrodes, and on ethe changes in the anode fall as a function of operating con-
gine efficiency, which is related to energy loss phenomenditions suggest that ionization phenomena in the near-anode
occurring at the electrodes. region influence the magnitude of the anode fall voltagk:.

The present research is geared toward understanding tlig postulated in this present study that this relationship is
role that the transverse magnetic field plays in driving energyssociated with the dependence of transverse flux on the lo-
loss processes at the anode. Past studies done on the electtal electron number density. Past findings suggest that the
magnetic thruster known as the magnetoplasmadynamienization rate is a function of the transverse magnetic field.

Because of the anode fall voltage’s dependence on the local
appplied Physics Research Assistant, ionizatiqn rate and electron numper density, the anode fall
bAssistant Professor of Aerospace Engineering and Applied Physics.  Voltage indirectly becomes a function of the transverse mag-
®Electronic mail: alec.gallimore@umich.edu netic field. Led by this reasoning, experiments were designed

(1) electrothermal,
(2) electrostatic, and
(3) electromagnetic.
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to specifically modify charge production in the near-anodeSugward derived and experimentally tested an expression
region at a fixed magnetic field strength. Of these experifor the transverse current available in a given plasma for a
ments, the one that was most successful in altering the maglanar Langmuir probe with a collection surface of ateas
nitude of the near-anode electron number density was that function of transverse magnetic field strength:

which utilized an auxiliary discharge. 1 16 N.al? 1
The primary aim of this study is essentially threefold: lo, == €Ngu eS| = . - (2
A 13 K(k)rg 16 e
(1) To determine to what degree that the near-anode plasma ?l—K(k)oro

can be modified by the use of an auxiliary discharge;
(2) To determine the effect of an auxiliary discharge onBecause Eq(2) is evaluated at the plasma potentigl,
measured anode fall voltage and anode power flux; angorresponds to the electron saturation or diffusion current
(3) To determine possible correlations between changes iavailable to the anode. Herg, is the electron mean free
the anode fall voltage and anode power deposition witHoath,ro is the anode radius), is the electron number den-

changes in near-anode plasma conditions such as elegity, andK(k) is the elliptic integral of the first kind. The
tron number density and transverse flux caused by th&ariable« is the ratio of the transverse diffusion coefficient

operation of the auxiliary discharge. to the diffusion coefficient when the magnetic field is zero
. . and is proportional to the reciprocal of the square of the Hall
The effect of the auxiliary discharge on the near-anode,, ameter in the limit of large magnetic field strength. The
plasma is analyzed using a near-anode single Langmufstential distribution across the anode sheath is determined
probe, emission spectroscopy, and water calorimetry. by the charge distribution in the sheath itself. This charge
distribution in turn is controlled by the available flux diffus-
ing into the sheath from the adjacent positive column. In this
respect, the magnetic field can control the anode sheath po-
As was pointed out earlier, large power losses at theential difference by controlling the flux in the near-anode
anode of certain classes of plasma accelerators preclude theayion. Experimental results suggest that it is this relation-
from serious consideration for near-term space application. Ahip between the magnetic field and the respdfise and
model for the power flux into the anode is given by Colfine: ultimately local electron densitythat is responsible for the
5k anode sheath potential variations with the transverse mag-
Vat+—o=+ dut | +Pe,. (1)  netic field?
Again, findings from earlier investigations suggest that
HereP, is the energy deposited into the anode per unit timethe magnitude of electron number density, whose steady-
l4 is the discharge curreny/, is the anode fall voltage state value is determined by the transverse flux, plays a ma-
(sheath potential dropT, is the electron temperature,,; is  jor role in determining the magnitude of the anode sheath
the work function of the anode, and final , is the power potential difference. Led by these observations, methods to
contribution due to plasma convection and cathode radiatiorartificially alter near-anode plasma properties at a fixed mag-
Past studies related X B-type plasma accelerators indi- netic field strength were investigated. The most successful
cate that the anode fall term is the dominant anode heatingiethod investigated consisted of the operation of an addi-
source. These findings have been verified by more recetiional, quasi-independent discharge. The main idea behind
experiments in a transverse discharge diode configurafion. the concept is based on the fact that an auxiliary electron
Changes in the magnitude of the transverse magnetigsource could be used to generate additional electron—ion
field has been shown to have a marked effect on the magnjpairs, thus enhancing the conductivity in the both the posi-
tude and possibly the sign of the anode fall voltd§én this  tive column and the near-anode region in particular. The ap-
study only positive, electron attracting sheath potentials havplication of auxiliary discharges to help sustain an otherwise
been observed in the presence of a transverse magnetic figddnsustaining discharge plasma has been used to enhance the
and thus only potentials of this type will be discussed. performance of C@lasers'®!! In certain cases, an electron
In general, the magnitude of the transverse magnetibeam or an auxiliary discharge is used to maintain the proper
field controls the transverse flux. Both the transverse diffuionization levels to sustain the discharge while the main dis-
sion coefficientD | , and the transverse electrical conductiv- charge electrodes are used to develop an ideal electric field to
ity, o, , are reduced when the transverse magnetic field igeutral particle density ratio so as to optimize electron exci-
increased from zerb® The reduction in the magnitude of tation of the laser transitiolf:** The auxiliary discharge
these two parameters is on the order of the factorelectrons are shared between discharges, benefiting both. The
11+ (wJv?)]. Herew Ju,, referred to as the Hall param- auxiliary discharge essentially plays the role as another en-
eter, is the ratio of the electron cyclotron frequency to theergy source that enhances the electron density, which in turn
electron collision frequency. This parameter is a measure dficreases the electron flux.
the degree of how “magnetized” the electron flow is. For
large cyclotron frquen_ues relatlvg to the CO|!I§IOI‘] f_re— Il EXPERIMENTAL SETUP
guency, electron motion is characterized as a collision driven
random walk across magnetic field lines. Clearly, at large  The discharge apparatus illustrated in Fig. 1 is mounted
transverse magnetic field values, the amount of current thah a 1-m-diam. by 1.2-m-long cylindrical vacuum chamber
can be supported by the discharge is significantly reducedhat is evacuated by a rotary gas ballast mechanical pump

IIl. MOTIVATION AND THEORY
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FIG. 1. Experimental apparatus.
FIG. 2. Langmuir probe circuit.

with a pumping speed of 400 cubic feet per minute. As mea-
sured by the chamber thermocouple gauge, once the ultimagter. The unexposed portion of the tungsten wire is isolated
pressure of 30 mTorr is reached, the tank is then filled tdrom the discharge via an alumina sheath. The probe is ori-
roughly 1 Torr of argon and flushed several times before thented such that its axis is parallel with the magnetic field
discharge is ignited. Typical operating pressures with the dislines. The probe is located 2.5 mm above the anode surface.
charge on range between 40 and 50 mTorr. The spatial extent of the anode fall region is assumed to be
A gas-fed hollow cathode to the type utilized in many on the order of a Debye length, which for this study was on
electric propulsion systems is used as the electron source ftine order of 10um. Thus, the probe was in all cases many
the discharge. Argon is the working gas for all experimentsDebye lengths from the anode and was not expected to dis-
The water-cooled stainless steel anode is a 2.5-cm-diam. digkrb the anode sheath. The probe is connected to a program-
which is thermally and electrically isolated from the electro-mable bipolar power supply that is driven by a signal gen-
magnet gantry that it is mounted to. The anode is place@rator so that a triangle wave of a few Hertz is applied to the
within an alumina sleeve such that its only exposed surfacerobe. The measured probe voltage and current are then sent
is the front plane facing the cathode. For these experiment$p an operational amplifier which in turn sends the signals to
the inter-electrode gap is set to 6.0 cm. The temperature af Tektronix digital oscilloscope. The digital oscilloscope is
the anode is monitored via thermocouples attached to thesed to acquire the traces so they can be extracted and stored
rear of the electrode. The electromagnet, with its shaped polen a PC via a National Instruments GPIB interface. In addi-
pieces, immerses the anode and the near-anode region intian to standard Langmuir data, electron energy distribution
uniform magnetic field with the flux lines running parallel to function (EEDF) data are also taken. To make these mea-
the anode surface. Before the experiment, the magnetic fielslirements, an additional signal generator is used to superim-
is measured at the anode surface with a gaussmeter to obtginse a 1 kHz, 1 V sine wave on the probe voltage. The probe
a calibration curve that is used to correlate electromagneturrent signal is then sent to a digital, dual-phase Stanford
coil current to the applied field. The region of uniform mag- Research lock-in amplifier which is set to lock in on frequen-
netic field extends to over 3 cm above the surface of theies at the second harmonic of the 1 kHz superimposed sig-
anode. nal. The lock-in amplifier output is then sent to the oscillo-
The discharge is initiated by first pre-heating the hollowscope. The entire setup, including the computer, is plugged
cathode and then applying high-voltage between the cathodato isolation transformers to allow the electrical equipment
and a tantalum auxiliary electrode. Once ignited, the arc igo float. A block diagram of the Langmuir probe circuit is
transferred to the stainless steel anode and is operated inilastrated in Fig. 2. All Langmuir probe voltage measure-
constant current mode. After the transfer, the initial attachiments are made with respect to the anode.
ment at the anode usually consists of a very localized spheri- The emission spectroscopy sefifig. 3) consisted of an
cal spot at the anode surface. It has been found that a weadls, a concave/convex doublet, and a Spex 500M 0.5 m spec-
transverse magnetic field 6f10 G tends to smear out the trometer fitted with a 1800 groove/mm holographic grating.
spot so that the attachment at the anode is uniform. The optics were arranged so the spectrometer collected light
For this investigation, an 8.8 A arc is maintained be-from a slice no more than 0.2 mm thick in front of the anode
tween the cathode and anode. This operating point gives rismurface. The spectrometer scanned for argon neutral and ion
to an anode current density of roughly 2 AfGmwvhich is  lines located between 470 and 481 nm.
comparable to conditions observed at the anodes of steady- Water calorimetry is used to determine the rate at which
state 100 kW class MPD thrustérs. energy is deposited into the anode. The cooling water is
This study utilizes invasive Langmuir probe techniquesproved by a Neslab recirculating chiller with a cooling ca-
and noninvasive emission spectroscopy methods. The Langacity of 950 W. The water flow rate is measured by a stan-
muir probe collection surface used in this investigation con-dard spring loaded water flow meter. Although the main util-
sists of a 3-mm-long tungsten wire that is 0.2 mm in diam-ity of the water calorimetry resides in the expedition of the
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ment of the plates is the formation of a higher pressure re-
gion within the auxiliary region thus enhancing ionization
processes there. Also, the floating plates B and C shielded
the spectrometer from radiation emitted by the glowing fila-
ments.

Probe pnode ariable The auxiliary discharge apparatus was placed down-
/I stream of the anodesee Fig. 1 with the Mo collection plate
) edge lying only 3 mm downstream of the anode. The fila-
Sgﬁgrge CAlection ments used in this investigation were operated at emission
Position Apparafus il Optics currents which ranged from 0.0 to 1.3 A. Although the pre-
Translation . . .
Table cise mechanisms underlying the enhancement of electron
dotow 0.5 m Spectrometer number density in the near-anode region due to the applica-

tion of an auxiliary discharge are not totally understood, the
benefits of the operation of the auxiliary discharge on overall
main discharge characteristics, however, are surmised to be

associated with:
heat flux measurements, it also afforded the opportunity to

minimize electrode evaporation by removing excess thermdfl) €nhancing of electron bombardment events from an ad-
energy. Given the uncertainties in the water flow rate and in_ ditional electron source; g o

the change in water temperature as measured with thermé?) increasing ionization due to an additional electric field
couples, the measurements associated with this diagnostic 2SSociated with the auxiliary discharge; and

possessed an uncertainty which ranged from 15% to 209%) replacing plasma electrons lost to the collection plate by
depending on operating conditions. electron emission and production driven by the auxiliary

cathode.

FIG. 3. Emission spectroscopy setup.

This final point is of significance in that the auxiliary anode
can collect electrons from the main discharge that would
ordinarily diffuse away along the magnetic field. As is the
As mentioned earlier, the purpose of the auxiliary dis-case, the electrons emitted from the cathode can contribute
charge is to modify discharge plasma properties particularlynore directly to main discharge processes, acting as a source
in the near-anode region. The auxiliary discharge apparatusy both direct emission and charge pair production when the
itself is illustrated in Fig. 4. The unit consists of three rect-associated auxiliary discharge ionization is taken into ac-
angular molybdenuniMo) plates 2.8 cm by 4.3 cm and a count. All in all, the apparatus itself is a tool that provides
filament cathode bus all mounted to but electrically and therthe means by which discharge plasma properties can be sig-
mally isolated from an aluminum mounting frame. The cath-nificantly altered. The goal of this investigation is to show
ode consists of three oxide-coated, thoriated tungsten wirthat the changes in the main discharge voltage and the anode
coils. The oxide paint enhances thermionic emission by lowfall voltage brought on by the auxiliary apparatus are consis-
ering the cathode’s work function. During operation, electrontent with the expected changes in electron number density
collection occurs at plate A onlfsee Fig. 4. As such, elec- and flux.
trons emitted from the filament are launched and confined While operating the auxiliary discharge, the glow from
along the magnetic field lines. For this investigation, plates Bhe cathode filaments contributes to the power flux deposited
and C were allowed to float to provide a measure of radialnto the anode. In order to account for this, the filament is
confinement of electrons in the discharge gap enclosed byperated at its nominal heating current of 15 A before the
the auxiliary apparatus. A additional benefit of the arrangeexperiment with the discharge off. Power flux due to the
filament radiation is then measured. This power is subtracted
from the measured anode power flux when the discharge is
operating so as to obtain the anode power deposition associ-

IV. DESCRIPTION OF THE AUXILIARY DISCHARGE
APPARATUS AND OPERATION

Main Efnfé'c?%n gollecﬁon ated with the discharge only. In addition, this glow has the

ggge Lead jate ] potential for skewing the intensity profile of collected emis-
E‘;{l“g,"; sion spectra taken by the spectrometer. This effect was found

to be fairly small(<3%). The effect of this continuum radia-
A Ceramic tion was reduced for a number of reasons:
Isolator
B  C (1) the filaments were located between the molybdenum
plates and thus were obscured from view of the spec-
lvllg netic Floating trometer; - . :

Direction J AL 11\ Plate (2) the continuum radiation that did scatter into the spec-
Filament N trometer does not change significantly over the wave-

Current Lead

FIG. 4. Auxiliary discharge apparatus.
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length range scanned; and
(3) the peak of the blackbodylike radiation lies far from the
wavelength ranges scanned.
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V. LANGMUIR PROBE AND EMISSION
SPECTROSCOPIC PROCEDURE

Y
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3]

Langmuir probe data are acquired as mentioned above
by recording collected plasma current as a function of im-
posed probe voltage. Because the ratio of the probe radius to
estimated Debye length exceeds ten, thin sheath analysis ap-
plies. The electron number density is obtained from the ion
saturation current,, , via the relation:

c .
JER T e+ KIS
i.=0.61Le-n.-A.- , 5 15-1'HTrnTr$1Trrrrr|'QPmﬂ-r
* e’r M; ® 0 0.20.40.608 1 1.21.
Auxiliary Discharge Current, A

..................
_—- [\M l\) w
6] (4]
Normalized Transverse Current

T
-

1
»Oo

wheren, is the electron number density; is the charge
state of the ion SPECieA,p is the area of the probe, and, is FIG. 5. Anode fall and normalized available transverse current as a function
the mass of the ion. Because the ion Larmor radius for opef auxiliary discharge curren88 G).

erating conditions in this experiment is large compared with

the probe dimensions, magnetic field effects are not expected

to significantly impact density measurements. The error agproportional to the excitation rate for that transition which in
sociated with the electron density measurement is roughlurn is proportional to the fraction of those electrons with
50%22 The electron temperature is found by obtaining theenergies above the excitation threshold for that transition as
slope from the most linear region of a semi-log plot of thedetermined by integrating the electron energy distribution
electron current versus the probe voltage for those voltaginction, f(E). Hereda(E) is the excitation cross section as a
values above the floating potential. The electron temperaturginction of energyE, andM is the mass of the emitting

is then the reciprocal of this slope if the electron energyargon atom or ior® The emission spectroscopy data, there-
distribution is Maxwellian. The plasma potential is obtainedfore, complements the EEDF measurements.

by locating the “knee” of the semi-log plot. In general, the

intersection of the electron retarding region and the electroy; expERIMENTAL RESULTS

saturation region is taken to be the “kne&*”

The electron energy distribution function is obtained by ~~ One major goal of this study was to artificially modify
using the widely accepted technique of superimposing &he electron number density and the transverse flux in the
small signal onto the probe voltageA subsequent Taylor near-anode region and measure the effect of these changes
expansion of the measured current yields terms which arén the anode fall voltage and the anode power deposition.
proportional to the various derivatives of the probe currentChanges in near-anode plasma properties are measured as a
The lock-in amplifier detects the second harmonic of thefunction of filament discharge current at a fixed transverse
current signal which is proportional to the second derivativemagnetic field intensity and a fixed main discharge current.
of the probe current. Recall that the electron energy distribuln this study, the effect of the auxiliary discharge on a 8.8 A
tion function is proportional to the second derivative of theargon discharge was investigated at two representative mag-

probe currerif netic field strengths: 38 and 108 G.
d?| o A. Correlations between measured anode fall voltage,
f(E)ox \/E IV electron number density, and available transverse
p current

In the Taylor expansion of the probe current, the second

denvatlvs term is p;ror?ortlon?ll to the term cclxnta|.n|na the e |atively insensitive to changes in the auxiliary current for
second harmonic of the small input ac signal. It is then &p,qe cyrrents less than 0.6 A. This behavior is also reflected

simple matter to obtain this second harmonic via a Iock-inin the measured electron number deng®g. 6) and the

amg)ln;er. The estimated error in the EEDF measurements i§, »jjaple transverse current. The available transverse current

~8%:" Most of the uncertainty in the EEDF measurements,q c4icyjated using Eq2) is normalized to the transverse

is associated with higher order derivatives that contribute t(?:urrent available at zero auxiliary discharge curisee Fig

the signal detected by the lock-in amplifier. _ 5). The flatness of the anode fall voltage for these auxiliary
Emission spectroscopy measurements were carried oW, rents is interpreted as being directly related to the flatness

to characterize the near-anode plasisee Fig. 3 One im-  ,pqarved in density and transverse current. Here the plasma

portant aspect of the spectroscopic measurements is that 9f ,ctivity, which should scale with the Hall parameter, is

monitoring the growth or decay of the energetic electron, g, eynected to be constant. In addition, the ratio of the
population:

available current to the discharge current inside the anode
I « [2E sheath is also constant. The anode fall voltage should not
—constf VO’(E)-f(E)dE.
Er

Figure 5 shows that for the 38 G case, the anode fall was

o (7)  change under these conditions because excess space charge
€ in the sheath does not vary with the auxiliary discharge cur-

Here the ratio of the intensity, of a particular argon line to rent for this current range. For auxiliary discharge currents

the local electron number density measured in that region iabove 0.6 A, a marked drop in the anode fall voltage is
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current(38 G). Auxiliary Discharge Current, A

FIG. 8. Anode fall and normalized available transverse current as a function
observed. Also accompanying the change in imposed auxibf auxiliary discharge currer(08 G.

iary discharge current was a significant jump in electron

number density and available transverse current. The ratio of ]

available transverse current to discharge current consd? the anode fall voltage. The saturation of the anode fall
quently increases under these fixed magnetic field condiflv'th increasing auxiliary d|sc_harge current is also observed
tions. At this point, there is an increase in negative spac’ the electron number density and the available transverse
charge in the anode sheath. This uncollected space charﬁH”ent- This saturation behavior observed in the anode fall
suppresses the potential of the anode relative to the sheaYR!t2ge is also exhibited in the electron number density and
edge, thereby lowering the anode fall voltage. As illustratedN® fransverse available current as the auxiliary discharge
in Fig. 7, the relatively large drop in the anode fall Vo|tagecurrent increases. As elaborated upon in Sec. I, it is the
and the large jump in the electron number density and caltransverse available current that determines the space charge
culated available current appear to be related to the Signifplstrlputlon in the anode sheath, WhICh'In turn determines the
cant jump(~20 V) in the auxiliary discharge voltage re- magnitude of the anode fall voltage. It is no wonder then that
quired to sustain auxiliary discharge currents greater than 0.6'€ saturation in the anode fall voltage is associated with the
A. The jump in the auxiliary discharge voltage is postulatedSaturation of the transverse available current.

to have primarily two effects on the discharge plasma: Variations in the anode fall voltage with the auxiliary
discharge current in the 108 G ca&mee Fig. 8 behaved

(1) Increases in the auxiliary cathode fall voltage enhancegimilarly to that which was observed in the 38 G case. Ini-
ionization along the magnetic field lines because atjally, however, the anode fall voltage decreases with in-
higher fall voltages the electrons are injected into thecreasing auxiliary discharge current until the anode fall satu-
positive column at higher energies; and rates with increasing values of auxiliary discharge current.

(2) Increases in théE/p (electric field/gas pressureatio  The saturation occurred near an auxiliary discharge current
along the magnetic field also enhances ionization alongf roughly 0.7 A. Variations in the electron number density
the magnetic field? and available transverse current were consistent with the ob-

Subsequent increases in the auxiliary discharge current fof€rved changes in the anode fall voltage. Here, as the density
lowing the jump did not give rise to any appreciable change(F'g- 9 and the available currefFig. 8) increase, the anode
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% 75-5 §~ 19
& _ 3 2 3.0x10
g 704 i @
o 3
> 659 i ii 8 2.5x10'°
& 40 5
«© 1 Ke]
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FIG. 7. Auxiliary discharge voltage as a function of auxiliary discharge FIG. 9. Near-anode electron density as a function of auxiliary discharge
current(38 G). current(108 G.
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FIG. 10. Main discharge voltage as a function of auxiliary discharge current s 11, Main discharge voltage as a function of auxiliary discharge current
(38 G. (108 G.

fall voltage decreases. Saturation in the electron density andischarge must be influencing ionization processes in the
available current occur over the same auxiliary current rangaear-anode region. lonization in the volume enclosed by the
that the anode fall saturates. Again, this observed behavior uxiliary discharge electrodes gives rise to additional ion/
consistent with expected physical processes postulated to oelectron pairs which diffuse out of this region and flow in the
cur as the available flux varies. positive column and the near-anode region. EEDF measure-

One primary reason for the saturation in the near-anodenents made for this investigation suggest that the energy
electron number density as auxiliary discharge current is vardistribution of the electrons in the near-anode region are not
ied may be related to electron losses at the auxiliary anodappreciably affected by these processes. Although there is
itself. As the auxiliary cathode emission current increasessome evidence of EEDF expansion into higher energies, for
more plasma electrons in the auxiliary discharge region havehe most part, as illustrated in Figs. 12 and 13 the curves are
to be collected by the auxiliary anode. Under these condifairly insensitive to changes in the auxiliary discharge cur-
tions, in addition to the diffusion-limited environment rent. The insensitivity in the electron energy distribution
brought on by the presence of the transverse magnetic fielflunctions as the auxiliary discharge current is varied is con-
the auxiliary anode begins to compete with the main dissistent with that which is expected from particle and energy
charge for electrons created in this volume as the auxilianpalance considerations. In general, the EEDF should be in-
discharge current requirements increase. Saturation in thgependent of both electron number density and auxiliary dis-
electron number density is then a consequence of the volumeharge powet?® This insensitivity to changes in the auxiliary
electron/ion production rate balancing losses to the auxiliargischarge current is reflected in the ionization rate per elec-
anode and the main discharge anode with smaller losses oron (see Fig. 1% calculated by integration of the EEDFs.
curring due radial diffusion out of the positive column to the The Langmuir probe used to make the EEDF measure-
chamber wall and to losses due to volume recombination. ments was aligned parallel to the magnetic field so that the

Finally, it should be pointed out that in both the 38 G energy measurements were sensitive to only those velocity
case and the 108 G case, the auxiliary discharge demomomponents perpendicular to the surface of the probe. En-
strates its utility in significantly modifying discharge plasma ergy components parallel to the probe’s axis, and thus paral-
properties such as density and available flux, which in turn idel with the magnetic field, cannot be detected by the probe.
associated with marked reductions in the anode fall voltage.
It is also worth noting that the main discharge voltage in both
transverse magnetic field cases followed the same general
trends observed in the anode fédkee Figs. 10 and }1In-
deed, the ratio of the anode fall voltage to the discharge
voltage was for the most part independent of the auxiliary
discharge current. This constancy is associated with the ob-
servation that on average the changes in the main discharge
voltage can be directly attributed to changes in the anode fall
voltage. This behavior suggests that the effect of the auxil-
iary discharge on the potential distribution across the arc is
most pronounced in the anode fall region.

B. Electron energetics: EEDF and emission spectra 0 5 10 15 20 25 30 35 40

The auxiliary discharge has the ability to significantly Energy, eV

modify the electron nu_mbe_r den_sity and the available t_r_anSFIG. 12. Variations in the EEDF as a function of auxiliary discharge current
verse flux. Such modifications indicated that the auxiliary(3s G).
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FIG. 13. Variations in the EEDF as a function of auxiliary discharge currentFIG. 15. Variations in near-anode spectra with auxiliary discharge current
(108 G. (38 G.

Because the electric field of the auxiliary discharge is paral-  Normalizing the raw intensity dai@ee Figs. 15 and 16
lel with the magnetic field, such a field can impart energywith respect to the electron density yields a quantity that is
along this direction to electrons diffusing into this region. In proportional to the fraction of electrons with energies greater
this respect, an energy component associated with the veloakan the excitation threshold of the line in question. The
ties parallel to the magnetic field can be altered, thus possexcitation threshold for the argon ion lines associated with
bly increasing the anisotropy of the total EEDF, which Figs. 15 and 16 is 35 e¥ One primary reason for looking at
would be undetectable by this setup. the population of electrons with energies above the 35 eV
Although an investigation into the anisotropy of the re-range was to get a qualitative handle on how the energetic
sulting EEDF is left to a future study, insight into the behav-electron population in the distribution tail varied with the
ior of the near-anode electron population as a function otwuxiliary discharge current. Variations in the population of
auxiliary discharge current can be obtained by an analysis ahese electrons provide insight unto the role that super-
the emission spectra. With changes in the auxiliary dischargghermal electrons play in ionization processes as auxiliary
current, spectral intensity variations of three singly-chargedlischarge conditions are varied. These spectra supplement
argon ion lines varied in a manner similar to the anode falthe measured EEDF data. These data suggest that for auxil-
and the discharge voltage. In general, when the auxiliaryary discharge currents of less than 1 A, the fraction of elec-
discharge was turned on, the discharge was observed to dintons with energies capable of exciting the ion lines de-
The ion spectra reveals these trends. A dimming in intensitgreases with increasing auxiliary discharge current. The
of the ion lines suggests that either the ion population isobserved increases in this parameter at auxiliary discharge
decreasing or that the number of electrons capable of exciturrents greater than 1 A for the 108 G case is attributed to
ing the ions is decreasing. In addition, although the subjecsimilar increases observed in the auxiliary discharge voltage.
of a future investigation, the role of variations in the meta-In addition, the density normalized ion spectra vary roughly
stable population could also significantly influence the emisas the main discharge voltage varies as a function of auxil-
sion intensity as the auxiliary discharge current is varied. iary discharge current, thus suggesting the response of the
energetic electrons to variations in main discharge voltage.

218
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FIG. 14. Near-anode ionization rate as a function of auxiliary dischargeFIG. 16. Variations in near-anode spectra with auxiliary discharge current
current. (108 G.
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FIG. 17. Variations in anode fall power fractions with auxiliary discharge
current.

C. The effect of the auxiliary discharge on anode
power deposition

In general, reduction in the measured anode power flux
followed measured changes in anode fall voltage as the aux-
iliary discharge current was varied. Even so, the anode fall
power term in Cobine’s power flux relation dominated mea-
sured anode power depositideee Fig. 1Y. However, in
both cases the measured trends in the magnitude of power
deposited into the anode decreased with increasing auxiliary

Plasma Contactor

re-iopized
ropellant

Cathode

/
Insulator

Cathode

Gas Efflux Holes
(c)

discharge current. The assqmatgd reduct|on§ in the anode fcT’I—JllG. 19. (@) MPD thruster with propellant pre-ionizeré)) MPD thruster
voltage suggest that reductions in the deposited anode powgfih zinc anode insertc) MPD thruster with hollow anode.

can be as large as 25% in the 108 G case and as large as 15%

in the 38 G casésee Fig. 18 If similar reductions in anode

power flux could be achieved in MPD thruster systems, efy|l. IMPLICATIONS FOR MPD THRUSTERS

ficiencies as high as 55% or better could be realized. At such
power levels, the MPD thruster becomes a more realistic

Findings from this investigation suggest a possible
means for reducing anode fall voltage in MPD thrusters.

propulsion option for energetic space missiéhs.
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Throughout this work, it has been emphasized that the elec-
tron number density and magnitude of the relative available
transverse flux in the near-anode region play key roles in
determining the anode fall voltage. In real MPD thrusters the
goal is then to increase the relative magnitudes of these pa-
rameters at a given thruster operating point. Here, three pos-
sible means of achieving these ends are presented and briefly
commented upon.

A. Injection of pre-ionized propellant

The injection of pre-ionized propellant into the MPD
discharge chamber is perhaps the most direct way to increase
the electron density population in the near-anode region. One
practical way of accomplishing this is to utilize a plasma
contactor as the propellant injectdrThe plasma contactor,
which consists of a hollow cathode enclosed within a coaxial
anode, ionizes the propellant that flows through it. As illus-
trated in Fig. 19a), this mix of partially ionized gas and
neutrals that flows from the orifice of the contactor feeds the

FIG. 18. Variations in measured anode power deposition with auxiliaryMain discharge chamber. By varying the plasma contactor

discharge current38 G) and (108 G.
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pellant can be varied. In order to further enhance the couincreasing pressure, the ionization probability for a given
pling of the pre-ionized gas to the near-anode region, thelectron increases as well. As density increases, so must the
fluid could also be injected in the azimuthal direction oravailable transverse flux. In order to enhance ionization phe-
through insulated holes in the anode itself. The only negativeomena in the near-anode region, propellant injection
aspect of using plasma contactors is associated with the fatitrough efflux holes in the anode itself may be implemented.
that additional power supplies must be utilized to operate th&his hollow anode scheme, illustrated in Fig.(d9 would
pre-ionizers, thus complicating the hardware simplicity assoallow for a higher local neutral density in the near-anode
ciated with MPD thrusters. The system’s complexity, how-region, thus increasing the likelihood of increased ionization
ever, may be offset through inherent positives associatedccurring there.

with the plasma contactor which include long lifetime and

low power consumptioA* VIIl. SUMMARY

Significant modifications to the near-anode plasma of a
transverse discharge were demonstrated through the applica-

Past researchers have postulated that vaporization of atien of an auxiliary discharge. Marked increases in the elec-
ode material by anode spots can control the behavior of artron number density and available transverse flux brought on
ode power deposition by giving rise to saturation of the an-by the use of the auxiliary discharge gave rise to moderate
ode fall voltage. This observation suggests still another reductions in the anode fall voltage. The main discharge
possible means of increasing ionization in the near-anodeoltage behavior was similar to the anode fall as the auxil-
region. One possible scheme is to utilize an anode made upry discharge current was varied. The measured electron
of an easily ionizable metal such as zinc. This scheme ignergy distribution functions were found to be insensitive to
reminiscent of MPD engines which used metal propellantshe changes in the auxiliary discharge current. This finding
such as lithiunf? The liquid metal approach, however, is not suggests that from an energy standpoint, the bulk electron
attractive due to environmental safety concerns related to theopulation was not appreciably affected by the operation of
contamination issues and general spacecraft integration quethe auxiliary discharge. However, possible anisotropy in the
tions. If used for essentially primary propulsion, the consum-EEDF due to electric fields or an electron beam component
able anode scheme would, however, be essentially immurassociated with the auxiliary discharge could play an impor-
to most of these concerns, ground-testing notwithstanding. Itant role in determining overall ionization rates. Because the
the consumable anode scheme, as the anode fall increasasode fall voltage dominates anode power deposition in this
the amount of thermal energy that is deposited into the anodgansverse discharge, decreases in the anode fall voltage gave
also increases. Eventually, the heating of the insert gives risése to reductions in the measured anode power deposition by
to evaporation of anode material that is subsequently ionizedis much as 25%. If such reductions in anode power flux
thus enhancing the conductivity of the near-anode plasmaould be made in MPD thrusters, these devices would then
This schemdsee Fig. 18b)] is active in that the amount of make a more realistic candidate for energetic space missions.
metal vapor from the anode that enters into the plasma déFhe effect of an auxiliary discharge can possibly be achieved
pends on the magnitude of the anode fall. In steady-state, the MPD engines by utilizing components which enhance the
anode fall should saturate because increases in anode falkkar-anode electron number density. Such systems changes
give rise to increases in metal vapor, which in turn shouldrange from the use of pre-ionizers to increasing the pressure
bring the anode fall down to a steady-state value. By carein the near-anode region of the discharge chamber. All of
fully selecting the insert anode material, a limit on the largesthese possible techniques must be economical, clean, and
anode fall that will develop can be established. A secondaryobust in order to minimize spacecraft integration issues.
concern associated with this concept involves the lifetime of
the anode. It is conceivable, however, that a consumable alckNOWLEDGMENTS
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