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Characterization of the Near-Anode Region of a Coaxial MPD Thruster 

K. D. Diamant*, E. Y. Choueirit, A. J. KetIy 3, R. G. Jahd 
Electric Propulsion and Plasma Dynamics Lab 

Princeton University 
Princeton, New Jersey 08544 

In an effort to identify the dominant mechanism@) 
behind the creation of the anode fall, plasma potentials, 
temperatures, and densities along with magnetic field 
suengths and the electron energy distribution €unction 
have been measured near the anode lip of a quasisteady 
megawatt level MPD thruster. Temperatures, densities, 
and potentials recorded to within one eIectron Larmor 
radius of the anode lip along with I-fall parameters based 
on magnetic field strengths recorded at I rnm from the 
anode lip are presented for values of 5 (thruster current 
normalized by the critical ionization current} from 0.27 
to 1.36. 'he effect of ion and electron flow velocities on 
probe measurements is discussed. Electron energy 
distribution function measurements recorded 2 mm from 
the anode lip for 6 values of 0.27,0.41 , and 0.44 are also 
presented, Above E, = 0.44 the plasma was too noisy to 
permit measurements of the distribution Function. Scale 
lengths associated with observed variations in plasma 
potential indicate that magnetization of electrons i s  
important to the establishment of the anode fall for 5 > 
0.8 while for 5 c 0.8 the anode fall is a sheath 
phenomenon. Distribution function measurements do 
not show any deviation From Maxwellian behavior, 
indicating the absence of strong turbulence for 5 < 0.44. 

Energy loss to the anode significantly Iirnits 
performance of magnetoplasmadynamic (MPD) 
thrusters. The Fraction of the total thruster power 
deposited in the anode has been shown to be as high as 
80 to 90 percent in hrussrers operating at 20 kW.' The 
anode power fraction decreases with increasing thruster 
power, falling to 50 percent at 200kW and 10 percent at 
20 MW.2 Allhough anode losses are not dominant at 
high power, they represent a formidable problem in 
thermai management, 
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Thcrc is general agreement that electron current 
conduction is primaril responsible for the deposition of 
energy in the anode3' Electrons entering the anode 
deposit their enthalpy along with the work function of 
the anode surface and energy gained from potential 
differences existing near the anode surface (ancdc fall). 
Electron enthalpy in MPD thruster plasmas typically 
ranges from 2.5 to 7.5 volts of effective potential, while 
the work functions of most anode materials are between 
4 and 5 volts. In contrast, anode FaUs between 15 and 23 
volts have been measured in a 20 kW thruster' while 
values from 10 to as high as 50 voIts have been observed 
in megawatt thrustersa6 As a result, considerable effort 
has gone fowards identifying the physics behind the 
creation of the anode fall. 

Classical theories regarding the production of the 
anode fall generally refer to a depletion of current 
carriers near the anode as a result of magnetic 
c~nsuic t ion .~-~~ Recently, Gallimore" has shown that 
the anode fall correlates well with the electron Hall 
parameter, indicating that the anode fall may be a result 
of electron mapping on field lines. This view is bolstered 
by experiments which show that the anade fall can be 
decreased by contouring magnetic field lines so that they 
intersect the ,0de?J2J3 

Non-classical theories rely on :he presence of 
instabilities which drive the plasma to a turbulent state in 
which transport properties can be strongly affected by 
oscillating fields. Observations of large amounts of 
noise (found to scale with 53 on the operating voItage- 
current characteristics of MPD thrusters have prompted 
suspicion that turbulence exists in MRD thruster 
plasmas. MPDs have been shown theoreticalIy to be 
susceptible to cross-fieId current-driven in~tabilities.'~J~ 
and it has been shown that these instabilities can 
significantly increase the plasma resistivity.14 
Interestingly, it was found ha t  the magnitude of the 
anomalous resistivity is dependent on the Hall 
parameter, increasing as the Hall parameter increases.14 
The results of numerical simulation identify the anode as 
a region where unusually high Hall parameters are 
expected to exist.I6 Experimental evidence for the 
presence of instabilities in MPD thrusters has been 
obtained by Choueiri,'' who measured the dispersion 
relation in a megawatt level MPD thruster and observed 
spatial growth of waves near the Iower hybrid frequency, 
and by Tilley,ls who correlated peaks in turbulence 
spectra measured in the exhaust plume of a 20 kW 
thruster with the characteristic frequencies of two current 
driven instabilities. Further experimental 
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Figure 1. MFD Thruster. 

evidence comes from Gallimore, who has inferred 
conductivities significantly smaller than classical values 
using plasma properties measured near the anode.6 
Collective effects associated with the critical ionization 
velocity phenomenon have also been successfully 
invoked to model terminal behavior' 9 and rapid 
ionization 20 in MPD thrusters. 

The goal of this study is to provide direct 
experimental evidence to identify the dominant 
mechanism for the creation of the anode faU. Each of 
the mechanisms described above has an associated 
characteristic scale length, Magnetization has the 
Larmor radius and a given instability will have a most 
unstable wavelength (the wavelength associated with 
maximum growth). The most unstable wavelength of 
the instability considered to be most likely to be present 
in the MPD14,'* is approximately one order of magnitude 
larger than the Larmor radius. Under the assumption 
that each mechanism will not be operative at distances 
less than rhe mechanism's characteristic scale length 
from the anode, measurements of the plasma potentid 
have been made with a resolution on the order of the 
L m o r  radius near the anode. It is presumed that the 
scale length assciated with significant gradients in the 
plasma potential will identify the dominant effect behind 
the creation of the anode fall. As a supplement to this 
information, the electron energy didbution function has 
been measured near the anode in an effort to identify 
deviations from Maxwellian behavior that could indicate 
the presence of turbulence. 

m r i r n e n t a l  Fac ilj& 

A megawatt level quasisteady pulsed MPD thruster 
was used in this study. The thruster is housed in a 
cylindrical plexiglass tank of volume 1.12 m3 with an 
inner diameter of 0.91 m. =or b thruster operalion, the 
tank is maintained at a pressure of approximately 0.04 Pa 
(3 x IW mm Hg) by a 15 cm oil diffusion pump and two 
mechanical pumps. Power is supplied to the thruster by 
a 160 kJ LC pulse-forming network capable of 
producing a rectangular current pulse of up to 52 kA for 
1 msec. 

The thruster consists of a cylindricaI copper anode 
and a 2% thoriated tungsten cathode (Figure 1). The 
anode has an outer diametet of 19 cm, an inner diameter 
of 10 cm and a thickness of 1 cm , The inner radius of 
the anode is machined to a semi-circular lip. The 
cathode is 10 cm long with a 1.8 crn diameter. The 
thrust chamber is 5 crn deep with an inner diameter of 
12.6 cm. Equal amounts of propellant are injected 
through twelve equispaced 3mm diameter holes at a 
radius of 3.8 cm in the boron nitride backplate and 
through an annulus around the cathode. Propellant is 
supplied through six sets of  two sonic orifices (two sets 
are shown in Figure 1) and is routed to the injection 
holes and annulus by a plexiglass distribution plate 
located behind the boron nitride backplate. 

Probes used in these experiments were positioned by 
an electrically insulated stepper motor driven positioner 
that is capable of providing 3 micron positioning 
accuracy (Figure 2). To insiue that there is no relative 
motion between the thruster and probe during thruster 
operation the stepper motor is bolted to a block of 
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Figure 2. Robe positioned at anode lip. 

plexiglass that is bolted to a 0.64 cm (0.25 inch) thick 
steel plate. The steel plate is bolted to two 2.5 cm (1 
inch) thick aluminum clamps fastened around the body 
of the thruster (Figures 2 and 3). Three layers of Mylar 
sheet separate the ckmps from the thruster body. 

Probe position relative to the anode is determined 
with a Questar QMl microscope-telescope attached to an 
Ikegami video camera (Figure 3). The system produces 
a multiplication factor of approximately 135 so that 
actual distances as small as 0.1 rnm can be easily read 
from the video monitor. 

of a triple probe is allowed to float while the other two 
form a double probe with a potential difference imposed 
between them. When that potential difference is much 
larger than the temperature of the pIasma thcn the 
temperature can be obtained from: 

($, - q f )  
D + D  T(eV) = 

$1 $2) 

DQf 

In( 

The symbol 9 represents a potential with rcspect to 
plasma potential. Qfis the floating potential and 4t1 - & is 
the potential difference imposed on the double probe. 
D$ is the ratio of the ion current colIected at potential t) 
to that collected at 9 = 0 (plasma potential) and is 
obtained Gom the numerical calculations of Laframboise 
for a cylindrical probe in a collisionless, quiescent 
plasma (or a flowing plasma in which the probe axis is 
aligned with the plasma flow).Zi Use of Lafmboise's 
calcuIations instead of the Bohm criterion (for which D, 
= 1 regardless of $) generally results in about a 10 
percent improvement in accuracy. Once temperature is 
known, floating potentials can be converted to plasma 
potentials through 

Tis the plasma temperature in eV, mi is the ion mass and 
mi is the electron mass. Finally, plasma density is 
obtained from: 

I sat The triple probe is an attractive tool for measuring 

temperature using a steady applied voltage. Triple 
probes are well suited for making measurements in noisy I,, is the current flowing in the double probe circuit, A is 
environments where determining the slope of a ramped the area of each double probe wire, q is the elementary 
characteristic becomes difficult, and for situations in charge, k is Boltzmann's constant, and again T is the 
which pIasma properties vary from run to run. One wire plasma temperature in eV. 

n =  

plasma determination properties of because plasma it potential, allows the density, simultaneous and DI2klqI= 2nmi 

Figure 3. Tup view of experiment 

- 
Limitations of optical access made it necessary to 

probe the downstream edge of the anode lip and 
impossibIe to try to orient the probe parallel to the 
plasma flow (Figure 4). Godard and Laframboise22 have 
studied current collection by collisionless ion-attracting 
probes oriented transversely to an ion flow. They find 
that the increase in cOllecfed current resulting from the 
flow is proportionately greater for more negatively 
biased probes (and for probes with larger values of the 
ratio of probe radius to Debye length) as a result of the 
decreased importance of barriers in effective potential as 
the ion speed ratio Sj (Sj = U/(2kTimJ1R; where W i s  the 
flow speed and Ti and mi are the ion temperature and 
mass respectively) increases. A triple probe will record 
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Figure 4. Orientation of probe at a n d e  lip. 

a temperature that is too high since Dpz is increased 
proportionately more than D,, or Dw Floating potentiat 
readings will be too positive because of the need to 
a m c t  more electrons to offset the increase in ion cunent 
(the pIasma flow will not significantly increase electron 
c m n t  collection since flow speeds in MPD thrusters are 
generally an order of magnitude smaller than electron 
thermal velocities), and of course density measurements 
based the ion saturation current will be increased. 
Based on the resdts of Godard and Laframboise22 and a 
worst-case scenario for operating conditions used in this 
study, probe misalignment could resuIl in temperature 
errors of about 10 percent, floating potential errors of 
about 20 percent, and densities in error by up to a factor 
of 3, In fact, the errors could be much larger. TilleyZ3 
recorded electron temperatures with a triple probe that 
varied by as much as 50 percent depending on probe 
orientation in the plume of a 20 kW MPD thruster. 
Tilley attributes the conservatism of Godard and 
Laframboise to the assumption of a symmetric sheath 
which may be violated in MPDs. 

Fortunately for this study the proximity of the probe 
to the anode may reduce the effect of ion flow since the 
probe may lie within a boundary layer, The momentum 
diffusivity for a gas is approximately equal to the 
product of a mean ftee path and a thermal velocity. For 
ions in the plasma near b e  anode this product is on the 
order of one. An effective boundary layer depth might 
then be: 

= [width of anode lip/pIasma flow velocity'J1n 

The width of the anode lip is 102m while the plasma 
flow velocity, based on the bJZ thrust lawZ4 for 
conditions used in this study, is approximately lo3 to 104 
m/s yielding lcbl = I to 3 mm. Since the ion thermal 
velocity is also expected to be between IO3 and IO4 m/s 
thermal effects may be expected to dominate within 1 
mm of the anode. 

4 

Electron drifts in an MPD thruster which could 
potentiaIly affect probe measurements are those 
associated with current conduction and with electrons 
free-falling through potential differences that exist over 
scale lengths smaller than one electron-ion mean free 
path, Electron thermal velocities for most operating 
conditions are 0(105) m/s. Measurements of efectron 
numbcr and current density4 indicate that electron 
current velocities dear the anode can be as large as 5 . W  
m/s. More significantly, in this study electron-attracting 
potential drops up to three times the magnitude of the 
electron temperature are measured over scale lengths 
much smaller than an electron-ion mean free path at 
distances on the order of the electron b o r  radius from 
the anode lip. Assuming these measurements to be 
accurate leads to the conclusion that the potential exists 
for the electrons to develop a drift veIocity in excess of 
their thermal veloctiy. 

The problem of etectron current collected by a 
negatively biased probe oriented transversely to a 
collisionless flowing plasma has been treated by KanalV 
and Hoegy and WhartonbX Kand presents the following 
expression for the ratio of the current collected by a 
probe in a Rowing plasma to that for the case of no flow 
{the symbol E, will be used to represent this ratio): 

S, is the electron speed ratio (U/(2kTJmJ1n), V is the 
probe potential with respect to the pIasma normalized by 
the electron temperature in eV (V is to bc taken as 
positive in this expression), and I, is the modified 
Bessel function of order n. Hoegy and Wharton claim 
that Kanal's expression is valid only for small values of 
S, and suggest the following expression as valid fox S ,  
on the order of VIP: 

G is a ratio of gamma functions given by: 
c ,  

G =  

and E = S , 2  - V. A plot of both expressions as a function 
of potential drop experienced by the electrons 
normalized by the electron temperature (effectively S?) 
for a few values of V (Figure 5)  shows that Hoegy and 
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Figure 5.  Comparison of Kanal and Hoegy and Wharton 

Wharton are in complete agreement with Kanal in the 
region where Hoegy and Whaton claim their expression 
to be valid. Since Kanal's result appears to be valid over 
a wider range of S,, it will be used for this study. 

In the case of an eIectron drift the expressions for 
plasma potential and temperature presented in section 
La. art? modified to read: 

Bd and BV1 represent Kanal's ratio for a probe at 
potential (floating potential) and @, respectively. 
Figure 5 shows that the increase in the current collected 
i s  proportionately greater for probes that are biased more 
negatively. Bd will be greater than BVI and the probe 
will indicate a temperature that is too high. This error 
turns out not to be severe and is relatively insensitive to 
the size of the potentiat drop that creates the drift, For 
potential drops of 1, 2, and 3 times the electron 
temperature, it is found that the error incurred in the 
temperature measurement as a result of ignoring the 
electron drift is approximately 30 percent. 

Floating potential measurements can be severely 
impacted by drift. This is to be expected since ion 
collection is extremely insensitive to changes in potential 
below the actual plasma floating potential (the probe 
radius to Debye length ratio for the probe used in this 
study is approximately 30). This means that the excess 
negative potential assumed by the probe in order to float 
is directed almost entirely at repeIling the oncoming 
electrons since only a small increase in ion collection 

will be realized. In the case of no drift, the difference 
between floating and plasma potentials, normalized by 
the electron temperature is about five. For drift-creating 
potential drops of 1, 2, and 3 times the electron 
temperature, this number increases fiom 5 to 9, 11, and 
14 respectively. If there actually was an electron- 
attracting potential change of twice the electron 
temperature, the triple probe would indicate an electron- 
repelling potential change of four times the electron 
temperature. The impact of electron drift on the 
measurements presented here will be discussed in the 
results section. 

It should be noted that both Kanal, and Hoegy and 
Wharton assume a symmetric sheath in their 
calculations. This assumption is expected to break down 
at large speed ratios and it is uncertain how this could 
a f k t  the concIusions presented above. 

For these experiments it was necessary to construct a 
triple probe with a resolution of 0.1 mm. Three 0.064 
mm (2.5 mil) diameter tungsten wires were individually 
coated with glass by threading each wire through a gIass 
tube, heating the tube with a propane torch, and then 
drawing the glass down to the wire. A fourth tube was 
then heated and drawn over the three wires to hold them 
in place. The small size and delicate nature of the probe 
made it impossible to mechanically trim the tip. so acids 
were used to remove unwanted materid, Hydrofluoric 
acid was used to dissolve glass while a half-and-half 
mixhue of hydroff uoric and nihic acids was used to Uim 
the tungsten. Pans of the probe that were not to be 
etched were protected from the acid and acid vapor by 
covering them with candle wax. The wax was applied 
and removed with a heat gun, The finished probe has a 
tip length of 0.94 mm with a separation between adjacent 
wires of about one wire radius. The wires are in a l i e  so 
that they will all be the m e  distiutce from the anode 
(when viewed from the side the probe appears to have 
only one wire at the tip]. A tip length of 0.94 mm results 
in an error in the probe position relative to the anode due 
to anode lip curvature that is approximately the m e  as 
the error associated with the finite radius of the probe 
wires. 

Marmetic Probg 

Knowledge of the magnetic field near the anode is 
required to make estimates of the electon Larmor radius 
and Hall parameter. A magnetic induction probe With a 
resolution of 1 mm was constructed by wrapping 40 
m s  of 0.046 mrn (1.8 mil) copper magnet wire around 
a 0.87 mm diameter alumina core. The coil is protected 
from the discharge by a rectangular glass sleeve with an 
exterior width of 2 mm. The sleeve was made by 
extruding a rectangular strip of brass into a heated glass 
tube so that the grass molded around the strip. The brass 
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was removed with nitric acid. Calibration was The simplest methods available for determining the 
performed with a Helmholtz coil supplied with a curvature of the probe characteristic are to digiully 
rectangular current pulse. H o ~ k i n s ~ ~  describes the high- record and numerically differentiate it, or to feed thc 
gain integrator needed to make these measurements. probe output into differentiating electronics. Both o€ 

these methods are suitable only for extremeIy quiescent 
plasmas, For noisy plasmas a third method first used by 
Sloane and MacGrsgor30 is available which involves 

Masurement of the electron distribution function is superimposing a small amplitude alternating potential On 
necessary u, a S m S  &vialions from Maxwellian behavior the steady probe bias. The second derivative is obtained 
that may be the result of the influence of plasma from the amplitude Of the Pro& Current at the imposed 
insrabiIities. The distribution function can be obtained modulation frequency or a harmonic of that frequency, 
by double differentiation of the expression for electron depending on the form of the imposed alternating 
current collected by a non-concave electron retarding potential.31 Sloane and MacGregor30 actually obtained 
prob+ : the second detivalive from an increase in the dc currcnt 

level, but that approach was adopted probably because of 
a lack of narrow bandwidth detector technology at the 
time. The method is described as follows?8 

The relationship between probe current and potential 
f is the erectron energy distribution function, A i s  the can be 

and I, is the electron current coUected at $. 

vs $1 is required, however Langrnuir p m h  measure the 
total (ion plus electron) current-voItage characteristic. 
For voltages Iess than about 5 times (for argon) the 
electran temperature below plasma potential electron 
current dominates ion current and the total current 
voltage characteristic can be considered equal to the 

can be shown that while the ion current exceeds the 
electron current, the curvature of the ion current is 
negligible in relation to that of the electrons. If the 
electrons have a MaxweIlian distribution, then the 
curvature of the electron current is given by: 

. * .  

as: probe area, q is the elementary charge, m is the electron 1 = I($) 

probe bias Q then it is possible to describe the resulting 
current using a Taylor expansion about the value of the 

@ is the Probe potentid with the plasma, If a small oscillating potentid v is added 10 the steady 

Of the current characteristic 
at 4: 

dI v2 d21 
I($ + v )  = I(@) + v - + -- + . * . 

li4 2 dQ2 
The above statement should be valid for any value of v 

Maxwellian pIasma) and the Taylor series of ex 
converges for all x. The simplest choice for v is a pure 
sine wave at frequency w with amplitude v,: 

In that case the probe current is given by: 

e ~ ~ ~ o n  chmctefistic. At greater voltage differences it since I($) i s  likely to have an form (for 

v = v,sinot 

e 
--- d21, I, - T 2 2 

dQ2 - T2 e 
dI v,, d l  

I = I($) + v*sina* - + - (1 - c o s z m ) ~  4. ' ' a 

I, is the electron current collected at @ = 0 and T is the w 4 d@ 
electron temperature in eV, Peterson and Talbot29 have 
determined algebraic fits to the numerical calculations of The amplitude of the current at frequency 2w is then 
LaframboiseZ1 concerning the ion current coUected by an proportional to the second derivative of the current at 
ion attracting cylindrical probe. For the case of equal potential $. If the Taylor series is written out to include 
ion and electron temperatures and for a probe of radius higher order terms it is found that components at 
equal to about 30 Debye lengths they claim that the frequency 20 appear in fiont of all the even derivatives 
following expression fits Laframboise's calculations to of I. Contributions &om the fourth, sixth, eighth, and 
within 3 percent for ld~n I > 3: tench derivatives are: 

I i  = IOi (7 .7+  - )  l:l OaZ4 
I, is the ion current collected at $ = 0. Using these two 
expressions it can be shown that for voltages Iess than 10 
times the electron temperature below pIasma potential 
the curvature of the total Langmuir probe current 
characteristic can be equated to that of the electron 
current with an error of 10 percent or less (at a voitage of 
8 times the electron temperature the error is 1 percent). 

4 6 8 IO 
"0  (10) y01 (4 )  L I ( 6 )  VC, (8) 

48 1536 92160 
- - 

6 '  I -  
8 .8 ,10  

I(") represents the nth derivative of I with respect to (p. 
The above result was obtained from a symbolic 
manipulation program called MAPLE. The first two 
terms shown are corroborated by Branner, e t  aL30 If the 
amplitude v, is taken to be I. volt then the error 
associated with assuming that the amplitude at frequency 

'b 
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20 comes safely from the vO2 tern is about 2 percent for 
a plasma with a temperature of 2 eV (assuming 
Maxwellian elccuons, each successive derivative of the 
current is smaller by a factor of Ifl(eV) than its 
predecessor). The higher order terms are included to 
show how rapidly thc series decreases. 

A single Langmuir probe was placed 2 mm from the 
anode lip, and a dc bias summed with a 1 volt amplitude, 
50 kHz sine wave was applied to it. Because of current 
drive capability limitations of the electronics producing 
the probe signal, a 0.01 mm diameter probe with a tip 
length of 0.49 mm was used to record the low energy 
end of the distribution while a 0.064 mm (2.5 mil) 
diameter probe with a tip length of 0.42 mm was used to 
record the high energy end, A frquency of 50 lrHz was 
chosen because it differs significandy from the base 
frequency of the rectangular thruster pulse (1 kHz) and is 
at least an order of magnitude away from any natural 
plasma kequencies. The voItage drop across a 1. D 
resistor in series with the probe provided a measure of 
the probe current, and this s i p 1  was fed to an EG&G 
Instruments rnodcl5210 lock-in amplifier tuned to 100 
kEIz. Because of the short duration of the thruster pulse 
[ 1 millisecond), the output time constant of the lock-in 
amplifier was set to 100 microseconds, resulting in an 
output bandwidth of approximately 1 kHz. 

The primary source of error in the distribution 
function measurements presented here is the uncertainty 
in the value of the plasma potential, particularly at the 
low energy end of the distribution where the difference 
between the probe potential and plasma potendid is 
small. These experiments were conducted with a copper 
anode, and it has been observed that during firings the 
surface of the anode darkens and as it does so the plasma 
potential near the anode becomes more negative. 
Differences of several volts are commonly observed 
during the course of as few as 20 fuings. The anode can 
be “reset” by sanding off the darkened surface layer. It 
is possible that the darkening of the surface results from 
a reaction between the copper and diffusion pump oil 
present io the tank. To compensate for this problem, 
measurements of the pIasma fIoating potential were 
made after every three firings. These measurements 
were converted to plasma potentials using triple probe 
temperature measurements and standard probe theory 
which assumes a Maxwellian plasma. In the future this 
experiment will be wnducted with an aluminum anode 
in an attempt to maintain a more stable value of the 
plasma potential. Atso, due to the current drive 
limitations of the equipment used to produce the probe 
signal, the Iow energy data had to be taken with a very 
small probe (0.01 mm diameter tungsten wire). This 
probe has a non-negligible resistance (5 1 ohms) and it 
was necessary to correct for reductions in the amplitude 
of the ac signal (and of course the dc bias) being sent to 
the probe due to its collected current. This correction is 
obtained by estimating the amplitude of the current 
collected at the input frequency w from knowledge of 

the first derivative of the coIlected current (see 
expression for I($ .+ v) above). The fitst derivative of 
the collected cuttent is in turn estimated by assuming a 
Maxwellian plasma and making use of viple probe 
temperature measurements along with collected currents 
measured with the 0.01 mm diameter probe. Percentage 
errors associated with this correction are generally less 
than half the size of those associated with the 
determination of the difference between the probe and 
plasma potentials. 

Plasma potentials, temperatures, and densities as well 
as magnetic field strengths have been measured near the 
anode lip for values of 6 ranging from 0.27 to 1.36 with 
argon as propellant (Figures 6 to 8). 6 is defined as the 
ratio of tlie thruster cment  M the critical ionization 
current, and has been identified as an important scaling 
parameter in MPD lhruster operation.lg For clarity, on 
each plot only one vertical error bar is shown for each 
operating condition. The percentage e m f  represented 
by that error bar is the same for al l  points in the same 
operating condition, Error bars for the probe position 
reIative to the anode are the same for all operating 
conditions and are shown for one opemting condition on 
each plot 

Figure 6 shows the variation of plasma potential 
normalized by the thruster operating volrage. All plasma 
potentials are negative with respect to the anode. 
Estimates of the electron h m o r  radius based on 
temperatures recorded at 0.1 mm from the anode and 
magnetic fields recorded at 1 mm from the anode are 
shown in the legends of those pxotS. 

There is a change in behavior that occurs at 
approximately 5 = 0.8, For 4 values above 0.8 the only 
significant feature is a consistent positive increase in the 
pIasma potential that occurs within 0.5 mm of the anode. 
In almost all cases the magnitude of these increases is 
less than the size of the emor bars associated with the 
measurements. but the consistency of the increases 
makes them difficult to dismiss. Choueiri has shown 
that the most unstable wavlength associated with the 
instability considered most Iilrely to be present in MPD 
thrusters is approximately 16 times the size of the 
electron Larmor radius (Choueiri finds k r ~  E 0.4 where k 
is the most unstable wavcn~mber).’~ The characteristic 
scale length for the observed changes in plasma potential 
appears however to be on the order of the Larmor radius 
itself, indicating that magnetization of electrons is more 
likely to be influencing the anode fall than is turbuhce. 
A further indication of the importance of magnetization 
for e values greater than 0.8 is the appearance of very 
large vaIues of the Hall parameter near the anode (Figure 
9a). 
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The results of section 1II.l.c indicate that if electrons 
were actually free-falling through the potential 
differences shown in Figure 6a then it should not be 
possible to measure those differences. In fact the 
discussion of section ITI.1.c is probably not entirely 
applicable to the data in Figure 6a because oE the large 
Hall parameters observed at those conditions. In the 
case of the Hall parameter being much Iarger than one, 
the scaIe length for diffusing electrons becomes the 
'Larmor radius instead of the mean free pathsZ (elecuon- 
ion mean free paths are on the order of 1 mm). It is 
likely then that at least one ttpmalizing collision wilI 
occur as the electrons traverse those potefitial 
differences. 

For 6 values less lhm 0.8 (Figure 6b) there is again 
very little variation in the plasma potential up to about 
0.5 mm from the anode lip. Inside 0.5 mm there is a 
small, consistently measured negative increase the 
plasma potential. The Larmor radii are slightly larger at 
the% lower c m n t s ,  and it is possible that these negative 
increases are artificial, created by drifting electrons. Use 
of Kanal's theory predicts that the size of an electron 
attracting potential drop cequired to create the measured 
electron repelling increases is only about 0.2 times h e  
electron temperatue. We are of the opinion that for g 
values less than 0.8 the anode fall is occuring in  a sheath 
(scaled by the Debye length). The diminished 
importance of magnetization is evident from Figure 9b in 
which the Hall parameter does not exceed eight, 

A qualilative argument can be made to reinforce the 
conclusions drawn above. Figure 8 shows the variation 
in plasma density approaching the anode. The density is 
observed to drop fairly rapidly inside of I. mm from the 
anode. If it is assumed that this drop is not entirely due 
to the probe entering the anode boundary layer and that 
current density remains relatively constant, then the drop 
in density must be accompanied by an increase in cutrent 
velocity. The energy for this increase has to come either 
from thermal energy or from a decrease in potential 
energy. For 4 c 0.8, Figure 7b shows smoothly 
decreasing temperatures inside of 1 mm that are of a 
magnitude appropriate for maintaining constant current 
denshy. It could be argued then that electron attracting 
potential changes would be energetically unnecessary in 
that region. In contrast, temperatures recorded for 5 < 
0.8 do not show a reg& decrease inside of 1 rnm, thus 
creating a need for electran amcting potential drops to 
maintain current density. 

The discussion in the previous paragraph again brings 
up the question of the effect of electron drift on the 
probe data. Density measurements indicate that if 
current density remains constant then current velocities 
must in- by more than a factor of two in most cases 
as the anode is approached. C m n t  velocities would 
then be of the same order of magnitude as the electron 
thermal velocity, and the results of section 1II.l.c 
indicate that measured potentials should be strongly 
shifted toward more electron repelling values. Since 

Strong shifts are not observed, it is conjectured that the 
large Hall parameters new the anode are forcing this 
increased current velocity to flow along the anodc and 
hence along the axis of the probe (rather than 
perpendicular to the probe). 

The electron energy distribution function was 
measured at a distance of 2 mm from the anode lip for 5 
values of 0.27.0.41, and 0.44 €or argon mass flaw rates 
of 16, 16, and 6 g/s respectively (Figures 10 to 12). 
Attempts to obtain measurements at 5 values greater than 
0.44 were unsuccesful due to large amounts of noise 
present in the discharge. It is suspected that we of an 
aluminum anode instead of the current copper anode 
may reduce this noise and allow measurements at higher 
6 ~alues .3~  The dashed curves shown on each plot are 
the upper and lower limits of a Maxwellian distribution 
based on triple probe measurements of density and 
temperature and the errors associated with those 
measurements. It is found that, to within the range 
specified by the error bus, the data lies within the band 
defined by the MaxwellianS. 

The exact manner in which the distribution function 
should be affected by turbulence is not well known at 
this point. However, it is OUT opinion that the lack of 
significant deviation from Maxwellian behavior can be 
taken as an indication of the absence of strong 
turbulence near the anode for the given 5 values. 

V, Conclusion 

In an attempt to identify the dominant mechanism 
behind the creation of the anode fall, electrostatic and 
magnetic probes were used to chruacterize the plasma 
near the anode lip of a quasisteady megawatt level MPD 
thruster for values of E; ranging from 0.27 to 1.36. 
Profiles of plasma potential show that significant 
changes toward more positive potentials were observed 
to occur only within a distance from the anode 
comparable to he  electron Larmor radius for k > 0.8. 
For 5 < 0.8 small negative changes in the plasma 
potential were observed in the same region, but it is 
believed that these are the artificial result of electron 
drifts. No significant variations in plasma potential were 
observed over scale lengths comparable to the most 
unstable wavlength of plasma turbulence predicted to be 
present. Measurements of the electron energy 
distribution €unction for 5 values of 0.27,0.41, and 0.44 
do not show any deviation from MaxwclIian behavior, 
which is taken as an indication of the absence of strong 
turbulence, even though the exact influence that 
turbulence would have on the distribution function is not 
dl known. The evidence indicates that magnetization 
of electrons is important in the establishment of the 
anode fall for 5 > 0.8 wWe for f c: 0.8 sheath effects are 
likely to dominate. 
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Figure 6b. Plasma potentiafs 6 = 0.68 to 0.27. 
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Figure 7a. Electron temperatures for 5 = 1.36 to 0.82. 
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Figure 8b. Plasma density for 4 = 0.68 to 0.27. 
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Figure 10. Non-normalized electron energy distribution function for 4 = 0.27,16 g/s argon. 
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Figure 11. Non-normalized electron energy distribution function for 4 = 0,41,16 g/s argon. 
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Figure 12, Non-nomdized electron energy distribution function for = 0.44,6 g/s argon. 
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