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Cathode Erosion Studies on MPD Thrusters

H. O. Schrade,* M. Auweter-Kurtz, and H. L. Kurtzt
University of Stuttgart, Federal Republic of Germany

The fundamental processes occurring at the cathode interphase of magnetoplasmadynamic (MPD) arcs and
their consequences on material erosion are by no means fully understood, despite the great many publications in
this field on various different arc types of similar conditions. This paper presents the results of a cathode erosion
study on an MPD arc thruster under pulsed and steady-state operating modes and, moreover, gives an explana-

tion of the cathode attachment mechanisms for both operating modes.

Introduction

T is a known phenomenon that in a pulsed MPD thruster!-3

and during the starting phase in a continuous MPD
thruster,** the arc cathode attachment resembles many hot
spots of high current density. These spots are usually highly
nonstationary and jump across the cathode surface. Such a
spotty attachment is indeed the most common one on cold
metal cathodes of low-pressure arcs,%’ and seems to be an in-
trinsic feature of those discharges. Despite the growing
literature on this phenomenon, it is still not fully understood.
However, since the time resolution of electrical and optical
measuring techniques went up into the microsecond and even
beyond the nanosecond range, and since scanning electron
microscopy became a widespread technique of investigating
the arc traces left on cathode surfaces, one has learned much
more on the mechanisms of this spotty attachment. Today one
distinguishes between 1) microspots with diameters of several
micrometers (maybe even less) and with current densities of
the order of 10> A/m? (maybe even higher) and displacement
velocities of several hundred meters per second, and 2) spots
that are much more stationary (velocities of the order of
several meters per second) with diameters of up to 100 pm.?
These latter, larger spots appear to be the result of spot
clustering; i.e., due to favorable emission conditions, the
microspots do not spread over a larger area but rather stick to
a smaller area, and by locally overheating this area cause
larger molten zones and relatively heavy damage to the
cathode. If such a clustering does not occur, the microspot
damage is less severe because of the rapid spot motion and
because, consequently, there is more widespread averaged
heat load on the cathode surface.

Another quite interesting feature is the fact that the average
number of spots is proportional to the arc current, and that a
single spot can carry only a limited current, the quantity of
which depends on the cathode material.10

Within a transverse magnetic field, these spots jump
preferably into the retrograde direction, i.e., they move op-
positely to Ampere’s law, as long as the ambient pressure is
small enough.'!-}?

These are only some of the most striking known and
established effects observed on spotty cathodes. Many more
detailed spot features have been observed and put forward,
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but they cannot be dealt with in the framework of this
paper. Therefore, reference shall be made to the literature.’

Nevertheless, since a variety of these effects are obviously
involved at the cathode-arc interphase of magnetoplasma-
dynamic (MPD) thrusters, it is mandatory that this spot
behavior be investigated in order to understand and predict
the discharge and erosion effects during the starting phase of
a continuously running MPD arc thruster or during the pulse
phase of a quasisteady MPD arc thruster.

After the starting phase of a continuously running
thruster, which lasts about a fraction of a second or a few
seconds depending on the arc current, the cathode, which
usually consists of a thoriated tungsten rod—so far the only
successfully used in continuous thrusters-—starts to glow,
and the original spotty attachment becomes a quiet, more
diffuse one. The current densities of these diffuse at-
tachments on bright glowing tungsten cathodes are of the
order of 107 A/m? and are commonly explained by ther-
mionic emission,* while the high current densities of the
spots can be interpreted only by means of field or enhanced
thermal field emission. !>

The following section reports about erosion measurements
on pulsed and continuous MPD thrusters and consequently
on spotty and diffuse cathode attachments, while the subse-
quent sections give a partially quantitative theoretical inter-
pretation and discussion of the experimental findings.

Experiment

The cathode erosion tests have been conducted on a
nozzle-type MPD thruster,'* as shown in Fig. 1. The center
cathode consists of a thoriated tungsten rod (98% W, =20
ThO,) which is casted into a copper support. The copper
support with the tungsten rod are finally screwed onto a
water-cooled copper rod and can be loosened for weighing.
The propellant, argon, is fed along the cathode rod into the
arc chamber. The arc chamber and nozzle are built of in-
dividually water-cooled and insulated copper segments. The
last segment of the nozzle exit represents the anode. For the
pulsed thruster experiments, the water-cooled segments up to
the anode ring have been replaced by a heat-resistant glass
ceramic (MACOR) and the water cooling in anode and
cathode not applied. The eroded mass is determined by
weighing the cathode before and after the experiment with a
precision balance having an accuracy of 1 mg at a weighing
range of 1 kg.

Steady-State MPD Thruster

With steady-state operating MPD thrusters, two different
modes of erosion must be distinguished:

1) Starting with a cold cathode, heavy erosion takes place,
which can usually be detected as a sort of ‘‘spitting”” of
glowing particles or droplets. Some tenth of a second to
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several seconds later, the cathode tip becomes hot and glow-
ing so that thermionic or enhanced thermal field emission
can occur, and the discharge becomes stable and quiet.

2) During the steady-state operation phase, the arc attach-
ment is confined to the bright glowing area of the cathode
tip. The erosion effect is much smaller, and no glowing par-
ticles are ejected. To measure these different erosion rates,
two series of tests were performed: long duration and start-
only runs.

Erosion During Starting Phase

During the “‘start-up phase,”’ the arc attachment consists
of many highly unstationary hot spots, which jump over the
cathode surface and cause a relatively high evaporation and
even splashing of cathode material.

A current voltage plot of this initial starting phase
(0<t<t¢)) is shown in Fig. 2. To determine the average ero-
sion rate during this starting phase, experiments with 30-50
runs with different preset ignition currents were performed.
In each case, the arc was extinguished after stabilization. To
exclude eventual thermal effects in the starting phase, a
waiting period of about 10 min was taken between the tests
to cool down the cathode. Depending now on the ignition
current I; set by the power supply, the time duration #; of
the starting phase, i.e., the time to heat up the cathode,
varies between about a fraction of a second and several
seconds; a simple curve fit of these measurements is shown
in Fig. 3.

Based on these experiments, it became clear that, by far,
the major erosion takes place during the starting phase when
the cathode is still fairly cold and a spotty discharge exists.

In Figs. 4 and 5, the average mass loss is plotted after
about 30-50 runs as a function of the ignition current and
the corresponding accumulated charge during the starting
phases, respectively. The total average mass loss per arc igni-
tion amounts to about 25 mg for a preset arc ignition current
of 600 A and decreases to about 10 mg, and to a little less if
the ignition current is 1000 A and more. Since with increas-
ing current 7, the cathode heats up faster, and therefore the
time elapsed during the starting phase becomes smaller, the
total mass loss decreases with increasing ignition current. As
a function of the accumulated electric charge Q,, however,
the mass loss increases with ; almost linearly. By taking the
least-square fit slope, we obtain an average erosion rate for
the starting or initial phase of 16.7 ug/C.
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Fig. 1 Self-field MPD thruster head schematic.
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Erosion During Steady-State Operation

During the long duration tests, lasting about 240-60
minutes at steady-state currents between 1500 and about
4000 A, respectively, i.e., below onset conditions (since
steady-state MPD thrusters must be run below onset to avoid
destruction), the measured total mass loss is about 400 mg.
The erosion rate—not counting the losses of the starting
phase—amounts to about 0.03 pg/C, which is three orders
of magnitude below that of the ignition phase. The measured
erosion rates, given by the cathode mass loss Am divided by
the accumulated electric charge Q in ug/C, for the con-
tinuously running steady-state arc are plotted as a function
of arc power in Fig. 6. The erosion rate may be considered a
constant, and as shown in the case of the arc power P, it is
also independent of the arc current 7 and the correlation
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Fig. 4 Average mass loss during starting phase as a function of the
ignition current 7.
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parameter I/, i.e., one may conclude that the mass loss
per unit time, 1, =Am/At, is proportional to the current.
Since Q=IAt, one obtains a mass loss rate of about

m,=Am/At=0.03-1 [pg/s] o))
for the continuously running steady-state thruster.

Quasisteady MPD Thruster

Measurements on a pulsed thruster with the same electrode
material and geometry!® show an average erosion rate of
about 14 (x3.5) pg/C with argon as the propellant and 16
(£3.5) pg/C with nitrogen as the propellant (see Fig. 7).
These latter results were obtained by weighing the cathode
before and after about 420 shots at the same operation con-
ditions. The pulsed thruster was energized by a pulse-
forming network with electrolytic capacitors,!” which pro-
duces rectangular current pulses of up to I, =~8000 A
lasting about 2 ms. It is interesting to note that the erosion
rate measured for the pulsed thruster is about the same as
that for the initial phase of the continuous thruster, but also
is a factor of 3-5 greater than the erosion measured in Japan
with quasisteady thrusters.!+?

In the following section, an explanation of 1) the spotty
“‘cold-cathode attachment’’ with a fairly high erosion rate
and 2) the more diffuse ‘‘hot-cathode attachment’’ of much
lower erosion will be presented.

Theory

Based on the experimental findings, one distinguishes be-
tween 1) a spotty, more or less highly erosive, and 2) a
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Fig. 5 Average mass loss during starting phase as a function of the
accumulated charge Q.
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Fig. 6 Steady-state erosion rates vs arc power.
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bright glowing diffuse, low errosive cathode attachment
within a MPD arc thruster. First, let us consider the spotty
arc cathode.

Cold Spotty Arc Cathode

The starting phase of an MPD arc may be described by the
following: at any favored spot (microprotrusion and/or
dielectric impurity) on the cathode surface, the electric field
becomes strong enough to start a breakdown. This break-
down causes a local overheating of the emitting, microscopic
spot site, thus leading to evaporation and a plasma cloud,
which expands from the spot site on the cathode surface into
the gaseous half-space. After this first ignition phase, which
according to Guile and Jittner® may last about 10~9 s, a
small crater with a diameter of a few microns is formed (see
Fig. 8). A few typical, but more developed, craters left on
the surface of a thoriated tungsten cathode are shown in the
photomicrograph of Fig. 9.

The high-pressure quasineutral vapor plasma is now inter-
connected with the overheated and molten inner crater sur-
face by a space-charge layer with a thickness of several
Debye length. The electric field E,, which is caused by the
space-charge layer on the surface of a planar cathode, can
now be calculated as a function of the electron and ion
temperatures 7, and 7; (Kelvin), the ion mass m;, and the
Debye length Ap; it is'®

kT, 1 m;T, e
E,= — N ——1
e Ap m,T;
—203><107[4M T
=2. i

?

—00234]%\@ [V/m] )

where p, is the partial pressure of the electron gas, and M, is
the atomic weight of the ionized metal atoms within the
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Fig. 8 Configuration of the plasma layer within and around a
crater of a cathode spot.

Fig. 9 Photomicrograph of a thoriated tungsten cathode surface
after a pulsed arc discharge (magnification 1000).

quasineutral plasma above the surface. This relation is also
valid as long as the plasma layer thickness within the crater
is small compared to the crater size, or as long as the Debye
length given by

—
A =\/EOk—Te=ﬂ | € _1813x10-10 Le
D 2e’n, e ep, o,

is much smaller than the crater radius ry. Only in that case is
the assumption of a planar cathode surface valid. Indeed,
within the crater, the plasma pressure and, hence, the partial
pressure of the electron gas can be considered to be much
higher than outside'®; therefore, \,, and the thickness of the
plasma layer above the inner crater surface is thin (<ry)
while outside off the crater the plasma layer is relatively
thick. As a consequence of this plasma boundary configura-
tion, the electric field strength E; on the concave crater sur-
face is much larger than outside and therefore strong enough
to maintain a high current density, due to field emission or
thermal field emission on the inner crater surface. The
following quantitative discussion shall corroborate this
explanation.

{m] 3)

In Fig. 10, the current density for thermal field emission is
plotted as a function of the electric field strength E, for a
tungsten cathode with an electron work function of ¢ =4.5
eV. In order to obtain current densities of the order of
10'9-10'2 A/m? as found experimentally, E, should be about
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Fig. 10 Current density due to thermal field emission for an elec-
trode work function ¢ =4.5 eV (tungsten).
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Fig. 11 a) Straight stable and b) bent unstable current-carrying
plasma channel which emanates from a cathode spot.

5-8 % 10° V/m. According to Eq. (2), a space-charge field of
this strength requires a partial pressure of the electron gas of
p,=4.6x10° to 1.2x10* N/m? within the high-pressure
tungsten vapor plasma. Since the plasma temperature must
be taken larger than 10,000 K, this electron pressure cor-
responds to a plasma pressure of about 0.1-1 bar. Now the
pressure of the spot plasma exceeds by far 1 bar, so that the
electric field is strong enough to explain the high current
densities of 102 A/m? (and may be even higher on certain
localized areas within an active crater); moreover, it shows
that the Debye length is smaller than A, <0.1 um, i.e., much
smaller than the crater radius of about 1 um.
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The concept of an active arc spot may therefore be
described by a high-pressure plasma and vapor region, from
which a strong jet expands out into the gaseous half-space of
lower pressure. This plasma jet is current-carrying, i.e., it
contains a current channel, which electrically connects the
high-pressure spot plasma with the interelectrode plasma and
the anode (see Fig. 11a).

The current density within this channel is, as we have seen,
quite high, so that electromagnetic forces cannot be
neglected. As it has been shown elsewhere!®? that such a
current-carrying plasma channel with an axial flow is only
straight and stable if the pressure difference between the
plasma and vapor pressure p, at the inner crater surface and
the ambient pressure p,, is larger than (about) three times the
average magnetic pressure. A more detailed investigation
shows that this factor is about 3.0 for an almost flat crater
(Fig. 12); for a hemispherical crater (Fig. 11a) it is about 3.3.
The mathematical criterion for a stable straight discharge
channel emanating from an active cathode spot follows
therefore by

Py _pm>k(#0/87r)ls js (4)

where 3=<k=<3.3, py=47x10"7 Vs/Am (the magnetic
permeability), I, is the spot current, and j; is the average cur-
rent density across the spot orifice. Since for any arc spot the
ambient pressure p., can be assumed small compared to the
spot pressure p, above the melt, the value of the product
spot current times current density, at which a spot discharge
goes from stable to unstable, can be directly related to p,.

In Fig. 13, the vapor pressure curves or the spot condi-
tions p, and T, for stable and unstable behavior on pure
metal cathodes, such as copper molybdenum and tungsten,
are illustrated. Below these curves, a spot discharge is stable;
above these curves it is unstable and cannot exist.

If the preceding criterion [Eq. (4)] is not fulfilled, any
small disturbance leading to a minute curvature causes the
current-carrying plasma channel to kink, i.e., the channel
axis bends more and more and eventually the channel will
come in contact with the cathode surface at a nearby site off
the original spot (Fig. 11b). The new site will be heated up
and a new current-carrying spot will be initiated. Again, for
this new spot, the stability requirement [Eq. (4)] must be
fulfilled in order to maintain a stable and active discharge.

Thus, by increasing the arc current I higher and higher,
one has to expect that more and more microspots are
created, which now spread over the cathode surface and/or
cluster together as larger spots. The clustered or larger spots
can now have features similar to the microspots. Again, a
plasma and vapor jet will propagate from a clustered spot
(Fig. 12) and, for the main current-carrying channel, which
emanates from this larger spot site, the same stability criteria
[Eq. (4)] as derived for the microspot is now applicable.
Therefore, one may state that the requirement [Eq. (4)] is
valid very generally for any stable type of cathode spot. For
the clustered or larger spots, however, their total spot cur-
rent, I, will be larger, while the average current density, J;,
becomes smaller than in the case of a microspot.

The vapor pressure above the melt p, in Eq. (4) can now
be related to the evaporation rate and to the average surface
temperature T, of the spot. Hence, the stability criteria (4)
can also be written in the form

Y
mmzﬁ —_— Iggk{l +—pm———} %)
87 N 27RT, k(po/8m); J

where m, is the cathode material, evaporated per second, of
the spot, M is the molecular or atomic weight of the vapor,
R is the universal gas constant and g, like %, is a geometric
factor, which now varies between 1 and 2 depending on the
presence of a flat (Fig. 12) or hemispherical (Fig. 11a) spot
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Fig. 13 Vapor pressure and critical quantity Ij which can be car-
ried by one spot for different electrode materials.

profile. Since the magnetic pressure at the spot is larger than
the ambient pressure (this requirement follows practically by
definition of a spot discharge and is experimentally verified),
one can neglect the second term in the brace expression of
Eq. (5) and can obtain the stability requirement for a spot by

Py > Mg min =NM/T2 [kg/s] (6)
Herein the constant ¢ is about 0.66x 10~° [kg K" /(A?s)]
for a flat spot and 1.4x10-° [kg K" /(A%s)] for a hemi-
spherical one. A spot discharge therefore always requires a
minimum evaporation rate m, ;,, which is proportional to
the square root of the molecular or atomic weight M of the
evaporated cathode material and inversely proportional to
the square root of the melted spot surface temperature, 7.
If the cathode attachment consists of n individual spots iden-
tified by the indices 1,2,...,i,...,n, the overall minimum
evaporation rate follows by

n
v min — E mvl min =C E M/Tsilgi (7)

i=1

and since the total current [ is given by the sum over all spot
currents I, the overall minimum erosion rate due to
evaporation, €, i, is, by definition,

ev min — ! vmm —) — =C I:E VM/TsiI?i/élsi:I [kg/C] (8)

i=1
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It is of interest to note that, according to Eq. (8), the spots
with relatively high individual current rates (/; large), i.e.,
the clustered spots, contribute the major amount of erosion,
and that the erosion rate is about proportional to the spot
current to those spots. If the cathode attachment consists
only of many identical microspots with the same average
spot current, I ;=1 =const, and the same average surface
temperature T; = T, = const, the overall erosion rate becomes
independent of the number of spots and reduces to

€y,min = CV M/TsIs [kg/c] (9)
Therefore, the smaller the spot current, the smaller the ero-
sion rate. This does not mean that the overall arc current
must be small, but rather that the number of spots is large.

In order to avoid strong erosion in the presence of spots, it
is therefore necessary to avoid clustering and to strive for
many similar small spots, which are homogeneously
distributed over the cathode surface and which already
become unstable at a small spot current.

Let us now discuss the experimental findings on the basis
of these theoretical entities. At first the starting phase: just
after ignition there exists one microspot. The spot current in-
creases up to a level at which the stability criteria [Eqs. (4)
and (6)] are still fulfilled. If the current is increased above
that level, the current-carrying plasma channel, which
emanates from the spot crater, becomes unstable. It bends
more and more and eventually touches the cathode surface
somewhere in the vicinity of the spot. Thereby, the cathode
is heated up, the plasma and vapor pressure increase and
since the Debye length on the touchdown area becomes very
small, a new breakdown and second spot will be initiated.
Each of both spots now carries a part of the electric current
so that both are stable. By further increasing the current, at
least one of the spots will split again. The number of spots
will now rise until the final current set by the power supply is
reached.

The cathode surface will therefore be covered more and
more by these microspots, which now, probably due to local
accumulation of molten electrode material, cluster together
and build larger spots. These clustered spots have now a
higher evaporation rate and, as known from observations,
these spots can also eject droplets which can increase the
mass loss by almost a factor of 5.2! Since during the starting
phase the measured erosion rate is 16.7 ug/C, one can now
estimate the average spot current by means of Eq. (9). With
the atomic weight of tungsten, M =184, and a spot
temperature of 7000 K, which corresponds to the boiling
point at the expected spot pressures of 10 bar, the current
carried by one spot amounts to less than ~160 A. If a
droplet loss factor of about 5 were taken into account, the
spot current would even sink below 32 A. Hence, the
number of spots during the starting phase by a current set-
ting of 600 A lies between about 3 and 20 spots and for a
current setting of 1500 A between about 9 and 47 at least.

Similar conditions must exist now on the tungsten
cathodes of pulsed thrusters, since during the short discharge
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the cathode does not heat up to thermionic temperatures.
Again, spots are present, and since the measured erosion rate
is of about the same amount (14 ug/C) and the spot
temperature 7, must be taken about the same (since the
dissipation mechanisms within spots of the same erosion rate
are the same), the spot current amounts again to about 135
A or to 27 A with a droplet loss factor of 5. At the current
maximum of 8000 A, the number of spots are therefore be-
tween 60 and 300. Since the conditions in all these spots vary
slightly, they are not stable but should rather jump according
to the following explanation. If, for instance, the plasma
pressure within a spot increases slightly, the Debye length
and therefore the electric resistance of the spot decreases.
According to Kirchhoff’s distribution law, the current will be
concentrated through that circuit of lowest resistance—in
our case, through the spot of lowest resistance. That means,
however, that for this spot the right side of the stability re-
quirement [Eqgs. (4-6)] increases faster than the left side.
The consequence will be that the discharge channel above the
spot will become unstable and, hence, causes a splitting or a
jump to a new spot site. The spots are therefore distributed
and may jump over the cathode surface, but according to in-
homogeneities of the cathode surface and of the surface
cooling, as well as the entire arc shape, they will prefer to
appear on certain favorable, still hard to predict areas.
Today the interdependence of all these effects and also
that among spots are still not well understood. Therefore, a
sound prediction of spot clustering and the erosion effects on
cold cathodes is still not possible and needs to be further in-
vestigated. The fact that in the Japanese experiments!? the
erosion rate is smaller than in ours, can be explained by a
smaller average spot current and a larger number of spots.

Hot-Arc Cathode

The so-called thermionic attachment occurs when the
thoriated (2% ThO,) tungsten cathode is heated up and the
tip begins to glow very brightly. According to Htigel and
Krulle,* who experimentally investigated the same type of
cathode attachment under similar conditions to those in the
MPD thruster, the maximum temperature of the cathode tip
amounts to about 3200 K in argon and the average current

" density varies between about 2.5x 10% and 1.5x 107 A/m?

for an ambient argon pressure of 20 Torr (=2.6 x 10~2 bar)
and 100 Torr (=13.2x10-? bar), respectively. Since the
maximum temperature does not change very much with the
current, one can estimate the sublimation rate by

msubl'=A 77'1_‘;3—7[70(7‘)’zz‘l)(10‘4 [kg/S] (10)

where p,(T) is the vapor pressure (=10-! N/m?) of
tungsten at the surface temperature of 7=3200 K; A4 is the
active, thermionically emitting surface and is given by

Table 1 Listings of pertinent quantities
which yield the same erosion rate of 0.031 ug/C

Erosion rate, 0.031 ug/C Flat spot Hemispherical spot
T, [K] p, [bar] I, Al js [A/m?] I [A]l g [A/m?]
5000 0.04 0.24 1.1-101 0.12 2.0-10"
6000 1.0 0.27 2.5-1012 0.13 4.7-10"
7000 10 0.29 2.3-10% 0.14 4.4.108
7500 25 0.30 5.6-10" 0.14 1.1-10%
8000 45 0.31 9.7-1013 0.15 1.8-10%
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A=1I/j, i.e., the current measured in [A] divided by the
average current density j in [A/m?]. Therefore, the erosion
rate follows by

”.lsubl. M pv(T)
= = 1
T kT Lke/Cl (h

With an average current density of 107 A/m?, which cor-
responds to the thruster conditions, the erosion rate for the
steady-state thruster with a thermionic cathode attachement
yields 10-2 pg/C. Hence, the calculated rate based on cur-
rent density and surface temperature measurements is
smaller than the directly measured one by about a fraction
of one-third. This discrepancy, however, can be easily ex-
plained by the error limits of these measurements and by the
uncertainties of the vapor pressure curve values. On the
other hand, it is hard to understand how such a fairly diffuse
thermionic arc-cathode attachment remains stable and does
not develop hot spots. Let us discuss this problem very
briefly.

The current density on a thermionically emitting cathode
surface is governed by the Richardson equation

J=A TPe™**T  [A/m?] 12)

where A, is the Richardson constant, ¢ the electron work
function, and k& the Boltzmann constant. Hence, with in-
creasing surface temperature, the current density increases
rapidly. Assuming now that within the diffuse attachment
area, due to small fluctuations, the temperature on one spot
would increase only slightly above the proper value, the cur-
rent density would increase in this spot, and along with the
current density, due to ohmic heating, the temperature
would also increase, and so on. According to Kirchhoff’s
distribution law, the current would be more and more con-
centrated until field emission sets in and self-magnetic field
effects play a role. In that case, however, the preceding spot
theory becomes applicable.

If one assumes now that the bright glowing, seemingly
continuous attachment area contains many similar, small hot
spots of high current density, one can still explain the mea-
sured erosion rate. According to Eq. (9), for such a spotty
attachment the overall erosion rate depends only on the in-
dividual spot current and the spot temperature. In Table 1
for typical hemispherical and flat spots, several pertinent
spot currents, I, and spot temperatures, T, together with
the vapor pressure and current density values, are listed,
which all yield the same erosion rate of 0.03 ug/C.

As previously mentioned, these extremely high current
densities of up to 10'2 and even 10'* A/m? can be explained
by field emission, but no longer by pure thermionic emis-
sion. The spot current amounts to between 0.1 and about 0.3
A; therefore, the number of spots for a 1000 A arc lies be-
tween 3000 and 10,000 spots. Despite this relatively large
number, these spots cover only about a fraction of 10~* and
even less of the entire growing cathode area.

Summary

The results of an experimental and theoretical cathode ero-
sion investigation on a pulsed and on a continuously running
MPD arc thruster are presented. These results show that on
a thoriated tungsten cathode the erosion rates differ con-
siderably. Within the pulsed device, the erosion rate amounts
to almost 17 ug/C and remains at about the same amount
during the starting phase of the continuously running arc. As
soon as the continuous arc becomes steady state, however,
which after ignition takes about a fraction of a second or a
few seconds until the cathode tip is glowing brightly, the ero-
sion rate drops to 0.03 ug/C.
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According to today’s knowledge, the attachment on a
cold-metal cathode consists of many microspots, the high
current density of which can be explained by field emission
or thermal field emission. The current-carrying plasma chan-
nel, which emanates form such a spot, starts to kink as soon
as the spot current increases above a certain level. This kink-
ing or bending now causes the channel to touch the cathode
in the vicinity of the spot and eventually leads to a new spot
site. This effect causes the spot to split and/or to move dis-
continuously over the surface. These spots can now cluster
together to form more stationary larger ones, which leads to
an enhanced erosion. It is shown that the smallest possible
overall erosion rate is directly proportional to the spot cur-
rent and that it is not necessarily a function of the arc cur-
rent. Therefore, in order to avoid a high erosion rate, the
number of spots should be high, while the average spot cur-
rent should be small. The relatively high cathode erosion
rates measured with the pulsed and during the starting phase
of the continuous MPD arc thruster are explained by spots
that carry a current of about 30-160 A.

The processes occurring on a glowing cathode surface of a
steady-state, continuous MPD arc device are discussed and,
based on data in the literature, the expected erosion rate
determined. Since such a seemingly diffuse thermionic at-
tachment can also be explained by many highly unstable
spotty attachments, it is suggested that this so-called ther-
mionically emitting cathode also consists of many tiny hot
spots in which field emission is predominant.
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