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Abstract vantageous for a number of near Earth and interplan-
etary missions [1, 2, 3, 4, 5]. In general, these mission

An experimentally based description of the major studies assume efficiencies of at least 50 percent over
mechanism regulating the anode fall of a high-power, mission times between 1000 and 10000 hours, capa-
pulsed, self-field MPD thruster is presented. Plasma bilities that have yet to be demonstrated in the labo-
property data recorded to within one electron Larmor ratory [6]. Major performance limiters with regard to
radius of the anode indicate that, with increasing cur- efficiency are frozen flow and anode losses, and even
rent, the anode transitions from a diffuse, low anode though the fraction of thruster power deposited in
fall mode of operation to a mode with high anode the anode can be as low as 10 to 20 percent for op-
falls and spotty current attachment. The transition eration at a few megawatts [7, 8], anode heat fluxes
is marked by an order of magnitude increase in ion of several kW/cm2 [9] represent a serious problem for
saturation current noise measured in the anode re- anode lifetime. The primary mechanism for anode
gion, which is attributed to spot motion, and, for power deposition is electron current conduction, and
the case of a smooth anode surface, is triggered by the dominant contributor to the energy of electrons
the condition at which the required current density entering the anode surface is the anode fall.
to the anode surface exceeds that which is thermally
available. Experiments with a roughened anode indi- It is well known that, while it is desirable to operate
cate that the anode fall in the spot mode serves the at high values of J 2 /th (where J is the discharge cur-
purpose of evaporating anode material and that the rent and m is the mass flow rate) in order to achieve
size of the anode fall in the spot mode should be de- high exhaust velocity and relatively high efficiency,
pendent on anode thermal properties. Comparison of a critical value exists above which a sharp increase
anode falls measured with smooth copper, aluminum, in thruster voltage, thruster voltage oscillations, and
and molybdenum anodes confirms this dependence. component erosion occurs. A number of authors have
The spot mode is also found to provide a mechanism suggested that this phenomenon is due, in part, to
for the saturation of the anode fall and the resultant anode processes triggered by propellant starvation in
decrease of the anode power fraction with increasing the anode region. Hiigel [10] has shown experimen-
thruster power. tally that operation above the critical J/h/ results in

an abrupt increase in the anode fall and that the crit-
ical J2 /m varies inversely with the square root of the

1 Introduction atomic mass of the propellant. Hiigel also presents
S'the results of an MHD model, in which the critical

High power MPD thrusters offer high thrust density J2 /ri is identified as that at which the gas pressure

(104 to 105 N/m) at specific impulses in the range of at the anode wall decreases to zero, and is found to

1000 to 5000 seconds and have been shown to be ad- vary inversely with the square root of the propellant
S._____. ' : atomic mass. Bakshtetal. [11] obtain a similar result,

Graduate Student, Department of Mechanical and Aepae again with an MHD formulation. Higel suggests that
c and Lab Ma , Mneber AIAA Jf/1h represents a ratio of magnetic pumping to gas-

SProfaor, Department of Mechanical and Aeropace Enginr- dynamic pressures, and that when magnetic pumping
ing, Fello AIAA depletes the anode region of propellant to the extent
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that the thermal current density at the anode surface our measured anode falls at conditions prior to star-
becomes comparable to the discharge current density, vation generally lie below the first ionization potential
the anode transitions from a diffuse to a spot mode of argon, and the expected spatial extent of the an-
of conduction. This idea is echoed by Vainberg et al. ode fall-order microns-leads to an unrealistically
[12] who suggest that the sudden increase in the an- large requirement for the ionization rate). The ratio
ode fall and the appearance of oscillations correspond J/Ja, designated C by Choueiri [16], will be used to
to the condition at which the thermal and discharge scale most of the data presented here.
current densities become comparable, and that the Although it is not possible to tell from our work
anode fall then heats, vaporizes, and ionizes anode (single thruster geometry, single propellant species),
material, resulting in the formation of an anode spot. scaling of anode phenomena with C is probably an

A global scaling parameter for thruster operation oversimplification. A number of studies [17, 18, 19]
that may provide additional physical insight into an- have shown that adjustments in thruster opera-
ode behavior is that provided by Choueiri with re- tion (propellant injection geometry, electrode length)
gard to Alfvdn's hypothesis of critical ionization [13]. which should have only minor influence on J/ re-
Choueiri identifies a current, which he labels the crit- suit in major shifts in the critical current required
ical ionization current Ja, corresponding to effective for the onset of thruster voltage oscillations and in-
full plasma ionization by equating the electromag- creased thruster impedance. For the case in which
netic thrust bJ (b = (Mp/47r)ln(r,/re), where r, and most of the propellant is injected near the anode,
re are the anode and cathode radii respectively) to Kuriki [14] shows that, although argon ion emission
the product of the thruster mass flow rm and propel- saturates at approximately the same current as it did
lant species critical ionization velocity ui (given by for near-cathode injection, the current at which the
(24/M)'12 , where ej is the first ionization potential anode fall abruptly increases and at which electrode
and M is the atomic mass of the propellant species). erosion products appear is substantially increased.
The identification of a critical J2/r which again ex- In this paper we present data which indicate the
hibits an inverse dependence on the square root of presence of two modes of anode current attachment. I
the propellant atomic mass is possible through this The anode fall is shown to be a Debye-sheath phe-
formulation, suggesting that the onset of full ioniza- nomenon, with mode transition occuring at sheath
tion may impact the anode propellant distribution. current saturation for a smooth anode. Mode transi-
Kuriki has shown that a sudden increase in the an- tion is accompanied by abrupt increases in the anode
ode fall, along with the appearance of spectral lines fall and in thruster noise. An explanation for the
corresponding to anode (and cathode) erosion prod- source of the noise and for the behavior of the anode
ucts correspond to the saturation of argon ion emis- fall after transition is provided.
sion (for the case in which most of the propellant is
injected near the cathode) [14]. Malliaris et al. ob-
tain remarkable agreement between the critical value 2 Experimental Facility
of J2/rh for the onset of unstable thruster operation
and the parameter us/b for a variety of propellants A description o the experimental facility and probe
and anode to cathode radius ratios [15]. Further, they diagnostics (triple Lngmuir and magnetic probes) is
find that the thruster exhaust velocity corresponding provided in Ref(0]. The most relevant details are
to critical operation is given quite closely by tu, inde- repeated here for the convenience of the reader.

pendent of thruster geometry as would be anticipated The quasisteady pulsed MPD thruster is housed in
from the relation for the exhaust velocity ui at the a cylindrical plexiglass tank of volume 1.12 m with
critical J 2/m: an inner diameter of 0.91 m. Prior to thruster firing,

the tank is pumped down to approximately 0.04 Pa
b J2 (3x10- torr) by a 15 cm oil diffusion pump and two

rei = - =U i (1) mechanical pumps. Power is supplied to the thruster
by a 160 kJ LC pulse-forming network capable of pro-

Perhaps neutrals in the anode region, due to their rel- ducing a rectangular current pulse of up to 52 kA for I
atively lower collisional coupling with electrons, are 1 msec. The propellant supplied is argon.
not strongly influenced by magnetic pumping, and, The thruster (Figure 1) consists of a cylindrical
following thermal ionization, constitute a source of plate anode and a 2 percent thoriated tungsten cath-
plasma which postpones starvation (it is unlikely that ode. The anode has an outer diameter of 19 cm, an
argon neutrals are ionized within the anode fall, since inner diameter of 10 cm and a thickness of 1 cm.
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Figure 1: Schematic of MPD thruster.

The inner radius of the anode is machined to a semi- 1
circular lip. The cathode is 10 cm long with a 1.8 Copper
cm diameter. The thrust chamber is 5 cm deep with
an inner diameter of 12.6 cm. Equal amounts of pro-
pellant are injected through twelve equispaced 3 mm 1
diameter holes at a radius of 3.8 cm in the boron ni-
tride backplate and through an annulus surrounding
the cathode.

All reported probe measurements have been ,
recorded at the anode lip. TranAtin (

0.4  0.6  0.8 1.0  1.2 1.4
3 Results and Discussion

3.1 Mode Transition

3.1.1 Plasma Properties

Values of the plasma potential with respect to anode A
potential recorded at 0.1 mm from the anode surface i
are shown in Figure 2a as a function of C (mass flow
rates of 4 g/s Ar at currents of 8, 12, 16, and 20 kA, 1
and 6 and 16 g/s Ar at 8, 12, 16, 20, and 24 kA- o
power levels from 320 kW to 4 MW). These values
are expected to represent potential differences across
a Debye-scale sheath (Debye length on the order of o Ahmham
1 micron) at the anode surface since estimates of the Tns Copper
electron Larmor radius (based on magnetic field mea- 10 . . . . ,
surements taken 1 mm from the anode surface and 0.4 06 0L 1.0 12 1A.
temperature measurements 0.1 mm from the surface)
vary from 0.1 to 0.5 mm for the operating conditions
shown and estimates of the electron-ion mean free
path are larger than the electron Larmor radius by Figure 2: a) Plasma potentials at 0.1 mm, b) Electron

the factors shown in Figure 2b (electron Hall param- Hall parameters at 0.5 mm, and c) Plasma densities

eters). At a f value of approoimately 0.8 a transition at 0.1 mm for aluminum and copper anodes. Some
data points in plots b and c have been shifted in
value by 0.01 or less to clarify error bar placement.
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is observed from operation with sheath potentials be- 3
low 16 volts to conditions in which the sheath poten-
tial assumes values between 20 and 40 volts. This o oAbovetransition
transition corresponds to the sudden appearance of 0.1i0 o o *Below transiion

large values of the electron Hall parameter (Figure o
2b) and an abrupt decrease in plasma density (Fig- , 4 8 oW8 • oure 2c). The resurgence of the plasma density for f > o o
1.3 will be discussed in section 3.2.4. o

* 0.01 o o

3.1.2 Noise o o 8

The transition is also marked by an abrupt increase acm1 *
in discharge noise. A survey of ion saturation cur- i i
rent fluctuations near the anode was conducted for C 0.0 0.5 1.0 1.5 2.0 25 3.0
values from 0.44 to 1.33 at a mass flow rate of 6 g/s Distance from Anode (mm)

(currents of 8, 12, 16, 20, and 24 kA). In general the
frequency content of these fluctuations is dominatedfrequency content of these fluctuations is dominated Figure 3: Amplitudes of consistently observed 2, 3, 4,
by broad noise in the range of 100 to several hundred a r v s bh a aa n d 7 MHz peaks for E values both above and below
kHz. In addition, smaller peaks occur often at fre- tans n near alumum anetransition near aluminum anode.
quencies of approximately 2, 3, 4, and 7 MHz (the
Nyquist frequency of the experiment was 10 MHz).
Similar results have been obtained by several other ode. It is interesting to note that the copper anode
authors (particularly with regard to the order 100 appears to transition at a lower f value than the alu-
kHz oscillations), who have found that the strongest minum. This is also evident in Figure 4b in which
fluctuations occur near the anode [21], that the fluc- data points are obtained by integrating noise spectra
tuation intensity scales with power deposited in the recorded at 0.1 mm over the range from 50 kHz to
anode sheath [22], and that the current at which os- 2 MHz, followed by normalization with the dc cur-
cillations are first observed increases as the fraction rent level (error bars are not presented for this highly
of propellant injected near the anode increases [23]. qualitative data). The apparent early transition of

Figure 3 shows amplitudes of a number of the pre- copper will be demonstrated again in section 3.2.3
viously mentioned MHz peaks (arbitrary units) nor- and discussed in section 3.2.7.
malized by the dc level of the ion saturation current
as a function of distance from the (aluminum) anode
surface (i. e. a number of consistently observed peaks 3.2 Spot Mode
are charted as their amplitude varies with distance 3.2.1 Vacuum Arcs and Spot-Induced Noise
from the anode). In the interest of simplicity, a dis-
tinction is made only between peaks observed at ( Anode mode transition is a widely observed and well
values above transition and those below transition, documented phenomenon in vacuum arcs. An ex- i
regardless of peak center frequency (approximately cellent review of vacuum arc anode phenomena, in-
2, 3, 4, or 7 MHz both above and below transition). cluding discussion of a number of points of consid-
Two things are evident from this figure. The first is erable relevance to our work, is provided by Miller
that the noise level increases monotonically as the an- [24]. Vacuum arcs (also known as metal vapor arcs)
ode surface is approached, indicating that the source are discharges fed entirely by material burned off the
of the noise is close to the anode surface. The second electrodes, and find application primarily as high cur-
is that the noise at conditions above transition is an rent circuit interrupters. At low currents spot at-
order of magnitude or more greater than for those tachments at the cathode supply the plasma which is
below transition and extends farther into the plasma collected in a diffuse mode by a passive anode. As
(MHz peaks were not observed beyond 1 mm from the current is increased spots form at the anode, re-
the anode for conditions below transition). To fur- suiting in evaporation of anode material. The transi-
ther clarify the transition, Figure 4a plots the noise tion to the spot mode is marked by a sudden increase
peaks at 0.1 mm shown in Figure 3 as a function of in the arc terminal voltage and in terminal voltage
( along with similar data obtained with a copper an- fluctuations [25]. Harris has demonstrated a direct
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helium propellants at the same values of f show no ap-
- preciable differences in MHz level frequency content

g (Figure 5), indicating that it is unlikely that the noise
0.1 - originates from a natural plasma oscillation, since os-

* * cillations at frequencies of a few MHz in our plasma
* would very likely be dependent upon ion mass. A dis-

* S tinction does arise at frequencies below 1 MHz where

S sharp peaks are prominent only in the helium speo-
tra. Similar results were obtained in Ref [22] in which
voltage fluctuation spectra recorded with argon and

c 0 0 o Al u hydrogen are shown to be nearly identical in the MHz
S(a) range, while sharp peaks at a few hundred kHz are

0.001 - , very prominent only in the hydrogen data. Another
a04 0.6 08 1.0 12 1.4 interesting feature of the work done in Ref [22] and

Sof our work is that spectral content in the MHz range
is found to be nearly independent of thruster current
and mass flow. We do not even observe appreciable
variation in spectral content (frequencies less than 10

* MHz) between copper, aluminum, and molybdenum
S0o anodes. An investigation of the dependencies of spot

2  10 o jumping frequencies may clarify these observations.

0 3.2.2 Physical Evidence for Spot Mode

I To test the spot hypothesis, a simple experiment was
o devised in which highly polished anodes were ob-

So A lum served before and after 10 thruster firings at the same
* Copper I (b) conditions used in the noise experiment (f from 0.44

o* , .. . , ' . to 1.33 at 6 g/s mass flow). Spot damage visible to

0.4 06 0.8 1.0 12 1.4 the unaided eye (spots on the order of 1 mm in diam-
eter) was evident for f values of 0.89, 1.11, and 1.33,
but not for ( = 0.44 and 0.67 with aluminum and
copper anodes [27]. Spot damage was found almost

Figure 4: Ion saturation current noise at 0.1 mm from exclusively on the anode lip. Spectroscopic erosion

aluminum and copper anodes: a) peak amplitudes studies performed on the same thruster used in our

and b) integrated over 50 kHz to 2 MHz. work confirm that emission lines corresponding to an-
ode material (aluminum) appear at a current of 16 kA
when the thruster is fed 6 g/s argon (( = 0.89) with

link between terminal noise and the appearance of a propellant mass distribution similar to ours 28].

transient luminous spots on the anode of a vacuum
arc with copper electrodes [26]. Harris also shows 3.2.3 Trigger for Transition

that the frequency of oscillations in luminosity corre- The spot hypothesis appeared to merit further inves-
sponds directly to the frequency of terminal voltage tigation, particularly with regard to the identification
fluctuations, and that this frequency is near 100 kHz of a trigger for the transition. Vacuum arc researchers
and is insensitive to variations in arc current. Har- generally concern themselves with the effects of elec-
ris mentions that significant components at higher trode material and geometry on the transition cur-
frequencies are present, but does not identify their rent and do not often employ plasma diagnostics in
nature. the inter-electrode gap. As a result there is not much

We consider the noise observed near our thruster information regarding a universal scaling parameter
anode to be the result of spot extinction and reig- for the transition. However, it has been postulated
nition (spot motion). Comparison of ion saturation that the ratio of the discharge current density j to
current fluctuation spectra recorded with argon and the thermal electron current density ja governs the

i
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0.01 Figure 6: Ratio of discharge to thermal current den-
sity. Some data points have been shifted in C value

0.001 by 0.01 or less to clarify error bar placement.

0 2 4 6 8 10

" (H) transition [10, 12, 29]. Since the anode fall is largely
a Debye-sheath phenomenon, we can look to Lang-
muir probe theory, which tells us that the current col- D
lected by a planar conductor (the ratio of the anode

10 (b) lip radius to Debye length is approximately 5000) im-
mersed in a quiescent plasma saturates at a level ap-
proximately equal to the thermal current. Attempts

S1to collect larger currents result in very large increases
Sin the collector potential relative to the plasma, and

Sicorresponding increases in the energy input to the
collector surface. At some point the input energy

0.1 becomes sufficient to cause local overheating and sig-
nificant evaporation of collector material. Following
ionization by incoming electrons (due to uncertainty

' in the spot plasma density, it is unclear whether in
0 2  4 6 8 10 our work the anode sheath voltage contributes to ion-

Frequncv (MHz) ization of evaporated anode material, or if ionization
is accomplished thermally outside the sheath), this

Figure 5: Ion saturation current noise at 0.1 mm from material contributes to an increase in current to the

aluminum anode for C = 1.11: a) Argon and b) He- evaporative region, leading to enhanced evaporation.

lium. Spectra not normalized by de saturation cur- This "runaway" effect results in spot formation [30].

rent. Measurements of the discharge current density
have been made at a distance of 1 mm from alu-
minum and copper anodes and are compared in Fig-
ure 6 to the thermally available electron currents cal-
culated from plasma densities and temperatures mea- I
sured 0.1 mm from the anode. This comparison has
been done by other researchers with the result that
the thermal current density equaled or exceeded the |
discharge current density [7, 9]. The reason for this is

I
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mentioned there is evidence for transition in the noise
data, and careful inspection of Figure 2a reveals that

a the anode fall for C = 0.67 lies midway between other
o values recorded before and after transition. It is pos-

S* sible that copper at E = 0.67 is in the early stages

2" - I of transition, although it is puzzling that data at E
S- a 1 = 0.68 returns to j/jt near one. Further evidence

Ft= 1.3 1 for the material dependence of transition will be pre-
S1 o=1.11 sented in conjunction with the discussion of the be-

* = 1.09 havior of the molybdenum anode (section 3.2.7).

S10 o0.s28 It is not immediately obvious that the anode should
t =0.82 be subject to current saturation. After all, the elec-

.. . ,. .... .... I . ., • trons are actually streaming toward the anode with
00 0.5 1.0 1.5 2.0 25 3.0 velocities comparable to the electron thermal velocity

Disance from Anode (nn) (the ratio j/jth can be re-cast as the ratio of the elec-
tron drift velocity to the electron thermal velocity),
and we might expect that the current collected by the

Figure 7: Plasma densities near aluminum anode (er- anode would be given to a large extent by the product
ror bars represent average error for all conditions of the drift velocity with the plasma density, electron
shown). charge, and anode area. It is not entirely clear why

the current collection should be diffusive, resulting in
the buildup of charge (and potential) due to reliance

that their values of the thermal current density were on this insufficiently effective means of draining the

based on values of plasma density recorded at least 1 charge into the anode. We postulate that the large

mm from the anode surface. We have found that for Hall parameters present near the anode surface direct

all the conditions we have studied, substantial gradi- the electron drift velocity axially along the anode,

ents in the plasma density exist within 1 mm of the forcing conduction into the lip to be via diffusion.

anode. Figure 7 shows this for a few conditions with
an aluminum anode (error bars on f = 1.11 data rep- .2.4 urgence of Plasma Density and
resent average error for all conditions shown). We

believe that these gradients are established by the As mentioned previously, j/jth returns to values near
axial current crossed with azimuthal magnetic field one at f > 1.3, presenting us with an apparent con-
(j, x B#) pumping force (estimates of the magnitude tradiction. We can provide the following explana-
of j, x Be near the anode compare favorably with tion in terms of how the spot mode develops and the
measured pressure gradients), so that values of jL manner in which plasma properties were measured.
based on plasma properties recorded too close to the Figure 8a is an unfiltered time history of the ion sat-
anode surface to be influenced by magnetic effects uration current collected during a thruster firing at
should provide the best estimates of conditions at the a condition below transition. The trace is quiescent
sheath edge. Figure 6 shows that indeed for the con- in comparison to the same measurement, shown in
ditions below transition the ratio j/jih is close to 1, Figure 8b, taken at a condition just above transition.
while at the point of transition values from 3 to 10 These data were recorded during the period between
are achieved. With increases in C, the ratio actually approximately 700 and 900 microseconds into a one
returns to 1 (due to the density resurgence). This millisecond pulse. The trace in Figure 8b is punctu-
apparent contradiction will be discussed in section ated, roughly at a frequency of 100 kHz, by excur-
3.2.4. sions up to an order of magnitude larger than the dc

Another interesting point to note about Figure 6 level. We attribute these excursions to the passage

concerns the data point corresponding to the copper of spots by the probe location. Further increases in

anode operating at f = 0.67, which indicates that the C result in traces dominated by the excursions, due

copper anode should have transitioned at that oper- either to enhanced spot motion or an increase in the

ating condition. During the polished anode experi- number of spots (studies of cathode spots in vacuum

ment, the copper anode did not show visible damage arcs indicate that the current carried by an individ-

after 10 firings at f = 0.67. However, as previously ual spot may have a limiting value, resulting in an
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E 4-

S-- Figure 9: Roughened copper anode before firing.

o2-

Ia I
0 I Figure 10: Roughened copper anode showing spot700 750 800 850 900 damage after 10 firings at ( = 0.44.

Time (microseconds)

5_ 3.2.5 Experiments with a Roughened Anode

(b) To further investigate the spot mode, we roughened4 -  
the anode surface in an attempt to produce a condi-

S|tion which would favor transition by providing pref-
S3- erential points of attachment. A knurling tool was

u run over the anode surface, producing roughness on a
r 2- scale of approximately 0.1 mm. Inspection of freshly

Spolished then roughened aluminum and copper an-
odes before and after 10 thruster firings at all of the
conditions studied (t values of 0.44, 0.67, 0.89, 1.33,

0 and 1.36 with 6 g/s argon mass flow) indicated the
S' ' ' ' * * presence of the spot mode. Figures 9 and 10 are be-

700 750 800 850 900 fore and after photos of a roughened copper anode
Time (microseconds) operating at C = 0.44, a condition at which smooth

anodes did not transition. Figure 10 shows clear evi-

Figure 8: Ion saturation current time histories for: a) dence of spot damage on the anode lip.
S= 0.44 and b) ( = 0.89 with aluminum anode. Inducing the spot mode impacted both the thruster

noise level and terminal voltage. Figure 11 is a com-
parison of integrated noise (over the range from 50
kHz to 2 MHz) for the smooth and roughened anodes.
For conditions in which the smooth anodes did not
transition, the roughened anodes exhibit significantly
more noise, by an order of magnitude at C = 0.44.

increase in the number of spots in response to increas- This is further evidence that the noise accompanying
ing demands of the discharge [31]). The probe used to transition is directly associated with the spots. Fig-
measure the ion saturation current is equipped with ure 12a shows thruster terminal voltages for smooth
a filter that heavily attenuates signals in the range of and roughened aluminum anodes as a function of .
100 kHz. As a result, the intermittent excursions of At low values of C the roughened anode terminal volt-
Figure 8b are essentially invisible to the electronics age exceeds that of the smooth anode by a few volts,
and the recorded values will reflect the low-density perhaps due to increased plasma resistivity produced
plasma outside of the spots. With increasing C the by excessive evaporation of anode material. At the
more intense spot vapor production results in probe two highest values of C, however, the terminal volt-
readings which, after the usual filtering and averag- age is substantially decreased. Experiments with the
ing, display the net effect of the spot action, which is copper anode show very similar behavior. Compar-
to solve the starvation crisis. ison of plasma potentials recorded a few millimeters

I
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Figure 11: Ion saturation current noise 0.25 mm from
rough and smooth aluminum and copper anodes. 50- ooh: [ o Smooth li

0: a Rough T

from smooth and roughened aluminum anodes (Fig-
ure 12b) confirm that these changes are occurring in 30
the anode region. '

6 20-
3.2.6 Anode Fall and Anode Vaporization a.

If we assume that the anode fall in the spot mode is 10
established by the minimum input energy required E  (b)
to heat the anode surface to the point where sig- 0 ' ' *
nificant evaporation of anode material occurs, then 04 06 a  1.0 1.2 1.4

an explanation for the reduced anode falls obtained
with roughened anodes appears quite readily. For a
given input power, metal whiskers produced by the Figure 12: Smooth and roughened aluminum anodes:

Figure 12: Smooth and roughened aluminum anodes:roughing will reach higher temperatures at their ex- a t t v a b p
tremities because of the low cross-sectional area of a) thre termia oae a aa

a few millimeters from anode surface.
heat conduction paths into the body of the anode
(power input to the whiskers is undoubtedly also en-
hanced by local electric field concentrations). Lower near the anode [29], then for both the copper and
anode falls are thus required to achieve temperatures aluminum anodes we obtain values close to 1400 K
required for significant vaporization. This of course (evaporation is such a strong function of tempera-
also explains the early transition of the roughened ture that order of magnitude changes in vapor den-
anodes, which allow vaporization even at the low in- sity require less than a 10 percent adjustment to this
put power available from a sheath that has not yet value [32, 33]). Two points can be made with re-
reached current saturation. Smooth anodes, on the gard to this value. The first is that the melting
other hand, appear to require the increased power points of aluminum and copper are 934 K and 1357
available from the large increases in sheath voltage K respectively. This is in accord with experimen-
that accompany current saturation, tal observations of gross melting associated with spot

It is very interesting to try to quantify what tern- attachments on the aluminum anode, where mate-
peratures should be required for "significant" vapor- rial has clearly been splashed about. Gross melting,
ization. If we assume that the temperature should however, was never observed on the copper anode.
be such that the equilibrium vapor density is cor- Only darkened abrasions were visible at the points
parable to measured values of the plasma density of spot attachment. The second point is that if we

I
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very simplistically model the anode as a semi-infinite
solid with a constant applied heat flux (determined 60-
by the product of current density with the anode fall, o Aluminum
electron enthalpy, and surface work function), then 50 Copper
we find that in order to obtain surface temperatures 4 A Moly um
near 1400 K in the course of a 1 millisecond firing 40
with measured values of the anode fall and electron .
temperature we must require constriction of the cur-
rent density by approximately an order of magnitude 20-
above values measured 1 mm from the anode surface. . t
This is of course in accord with the spot hypothesis 10-
and with the size of the excursions in ion saturation I a M
current shown in Figure 8b. 0- , , , , , , ,

02 0.4 0.6 08 1.0 12 1.4

3.2.7 Experiments with a Molybdenum An-
ode

Anode Fall Data regarding the material depen- Figure 13: Plasma potentials 0.5 mm from aluminum,
dence of the anode fall lead naturally to the conclu- copper, and molybdenum anodes.
sion that low vapor pressure anode materials should
exhibit larger anode falls in the spot mode. A molyb-
denum anode was chosen to test this hypothesis. with the estimated surface temperature requirement
Equilibrium vapor pressure data for molybdenum in- (2800 K) lying below the melting point of molybde-
dicate that a temperature near 2800 K is required to num (2896 K). The transition is marked by the ap-
produce vapor densities comparable to plasma den- pearance of anode falls in excess of 20 volts (Figure
sities measured near copper and aluminum anodes. 13) and an order of magnitude increase in anode noise
Application of the simple heat transfer model de- compared to operation at C = 0.44 (Figure 14).
scribed previously, with an assumed spot current den- T e t o m
sity of 2000 A/cm2 (approximately an order of mag- The early transition of molybdenum is another a-
nitude larger than measured values) indicates that parent contradiction when viewed in terms of the re-

anode falls in excess of 80 volts might be expected. s ul t e of ex p eriments aim ed at det ermining the de-

Values this large were not observed, however it is clear pend ence of t he t hr sho ld c ur r en t for anode sp ot for -

from Figure 13 that for conditions above transition, m at ion in v ac uu m ar cs on anode t herm al roperties.

anode falls measured with the molybdenum anode T he spotting obserd onour anodes more reminis-
cent of the footpoint mode described by Miller [24]exceed those with copper and aluminum anodes by a cent of the foot po n t sode describ ed d el wih i

substantial margin. Accurate determination of spot t h an it is of t h e g ross s pot fo rmat ion d ealt w it h insubstantial margin. Accurate determination of spot these transition studies, however the results, which
current densities (which would provide more reliable these transition studies, however the results, which

estimates of required anode falls) is a difficult taskare that the critical current for the earance of

which has received considerable attention with regard a gross spot increases with the thermal characteristic

to cathode spots, for which published values can vary Tm(kpc)1/ 2 [35], are relevant since the footpoint mode
by several orders of magnitude 34]. ais considered to be a precursor to gross spotting. T,,,

by several orders of maitude 34. k, p, and c represent the melting point, thermal con-
ductivity, density, and specific heat of the anode re-

Early Transition The molybdenum anode also spectively, and T,(kpc)1/ 2 for molybdenum exceeds
transitions earlier than the copper and aluminum an- that of aluminum by more than a factor of three, indi-
odes. As previously mentioned, noise and anode fall cating that molybdenum should transition at a higher
data with the copper anode at f = 0.67 seemed to current than aluminum. This apparent contradiction
indicate transition in progress, however no damage can be explained by consideration of how the vacuum
visible to the unaided eye was observed on the an- arc data is obtained. Typically a half-sinusoidal cur-
ode surface. In contrast, physical damage was ob- rent pulse of limited duration is supplied to the arc.
served on the molybdenum anode after operation at Spot formation requires a certain energy input to heat
f = 0.67. Much like the copper anode, this damage the anode. Since the energy input is over a fixed time
did not involve gross anode melting, in accordance interval, anode materials requiring greater input en-
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vapor pressure material may exhibit less mobility and
consequently lower noise generation than those on a

A o low vapor pressure material. This prediction is not
0 borne out by the data of Figure 14, however this data

10 o only covers the frequency range from 50 kHz to 2
SMHz. In an attempt to investigate the widest pos-

sible spectrum of noise, ion saturation current data
Z were fed in real time to an analog spectrum analyzer

Scovering the range from 0 to 50 MHz. Photographs of
So o Aluam the analyzer output with aluminum and molybdenum

S: a Copper anodes operating at = 1.11 are shown in Figure 15.
o Molybdnum The ordinate in these photographs is a logarithmic

S. . . . , , , , , , scale. While many characteristics of the spectra are
0.4 0.6 0.8 1.0 1 2 1.4 similar, it is apparent that the molybdenum anode isI noisier, particularly in the range from 15 to 20 MHz.

This is typical of spectra recorded at f values of 0.89
and 1.33 as well.

Figure 14: Integrated ion saturation current noise (50
kHz to 2 MHz) 0.25 mm from aluminum, copper, and 3.2.8 Anode Fall Saturation
molybdenum anodes.

AI final observation may be made with regard to an-
other very widely observed and well documented be-

ergy will require correspondingly higher power, with havior in vacuum arcs, namely that with increasing
the result that the more refractory metals appear to current after transition, the arc noise level and arc
have higher transition currents. This result is rele- terminal voltage both decrease substantially, presum-
vant to arc engineering, but not to the mechanism ably due to intense spot attachment with prolific va-
controlling transition (which we consider to be cur- por generation [25]. This behavior is observed in the
rent saturation for smooth anodes), and thus does data of Figures 2a, 4a, 4b, 11, 13, and 14, which
not prohibit our observations. We postulate that show that the anode fall and near-anode noise level
the material dependence of the point of transition reach a peak and then decrease at the highest f values
arises from anode erosion in the diffuse mode. The studied. Other researchers have observed anode fall
relatively higher vapor pressure of aluminum at low saturation [9, 14] and Gallimore [9] has associated it
temperature may supply the discharge with sufficient with the decrease of the anode power fraction with
material to postpone the criticality of j/j to higher increasing thruster power. We believe that the spotI values than for copper or molybdenum (data per- mode provides a very plausible mechanism for anode
mitting calculation ofj/jt for molybdenum have not fall saturation.
been taken).

4 Conclusion
Noise Another prediction that we have investi-
gated regarding spot behavior is that low vapor pres- Plasma properties near the smooth aluminum and
sure materials may be noisier than higher vapor pres- copper anodes of a high power pulsed MPD thruster
sure materials [35]. As previously mentioned, we con- indicate that the anode transitions from a mode of
sider spot extinction and reignition to be responsi- diffuse, low voltage, and low noise current collection
ble for noise production. Theories regarding the mo- to one of high voltage, high no:se, and spotty cur-
tion of cathode spots generally invoke interactions be- rent attachment. The mode transition is triggered
tween the spot current and magnetic fields induced by anode sheath current saturation, which results in
by the global discharge current and/or by the local increasing power to the anode surface until local heat-
spot current [36, 37]. It is possible that as a spot be- ing and vaporization generate spots, resulting in a
comes a more prolific generator of anode vapor, the limitation of the anode sheath voltage to values re-
resultant increase in collisionality will cause magnetic quired to vaporize sufficient anode material to solve
effects to diminish in importance and the spot may the starvation crisis. Starvation is precipitated by an-
root itself more firmly to the anode. Spots on a high other runaway phenomenon, j, x Be pumping (i. e.

I
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reductions in density lead to increasing Hall parame-
ters which lead to increasing j, and Be which further
decreases plasma density, etc. ). Premature induc-
tion of the spot mode accomplished by roughing the
anode surface confirms that the increased discharge
noise associated with this mode is generated by spot
motion, and that anode vaporization controls the an-
ode fall voltage in the spot mode. Experiments with
a molybdenum anode confirm the expectation that
anode falls in the spot mode should increase and be-
come noisier as the anode material becomes more re-
fractory. Finally, the spot mode is found to provide
a mechanism for anode fall saturation and the con-
sequent decrease of the anode power fraction with
increasing thruster power.
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