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NOTICE

When U.S. Government drawings, specifications, or other data are used for
any purpose other than a definitely related government procurement operation,
the government thereby incurs no responsibility nor any obligation whatsoever,
and the fact that the government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is not to be
regarded by implication or otherwise, or conveying any rights or permission to
manufacture, use, or sell any patented invention that may in any way be
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o Introduction

0y

K . :

ﬂg With the accomplishment of the successiul space shuttle

transport system, operation plans for a space starion and

wf other large structures in near-earth orbits with correspond-
BN ingly large electric power supplies have become financially
%. as well as technically realistic for the coming decade. The

requirement to raise, maneuver and stabilize these 1large
ﬁ& - payloads has reemphasized the future need for electric pro-
ig pulsion systems of substantially higher thrust and power
I levels than the ion engine or the pulsei ablation plasma

thruster systems.

m: For thrust levels of several newtons and power levels of a
:§ hundred kilowatts or larger it is natural to reconsider the
W magnetoplasmadynamic (MPD) thrusters again as future propul-
S sion candidates.

»

LS The potential advantages of MPD thrusters compared with
3: electrostatic ion propulsion systems for the applications

considered are believed to be:

Compactness and ruggedness of the thrusters.

e
s
t

o Reduced complexity, weight and cost of power condi-
tioning (at least for continuous thrusters).

e
-
-
|

Competitive system performance with acceptable propel-
lants for the mission-optimal specific impulse range.

For many near-earth missions the cost-optimal specific im-
pulses will be in the range of 1000-3500 s, the system effi-
ciencies should be above =~25% and the thrust-to-power (or
efficiency to specific impulse) ratio as high as possible,
according to some recent transport cost and rate studies. '‘-"

b

At present, these presumed advantages are based on rough es-
timates only, since no flight systems of the thrust, speci-
fic impulse and life levels required for the applications
considered here exist anywhere to the writer's knowledge.
Additionally, not all of the advantages mentioned apply

1T
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equally to all the plasma systems under consideration. Also,
very significant progress has been achieved recently on ion
engine performance (thrust-to-power ratio) in the lower spe-
cific impulse range with noble gas propellants and on reduc-
ing their power processor complexity and weight. The poten-
tial advantages of the MPD propulsion systems must therefore
be reevaluated as the necessary data on thrusters and sys-

tems become available.

During the past decade in the U.S. and in Western Europe,
work on kilowatt level plasma thrusters had been reduced to
a few research projects, with no flight hardware in sight
except for the small (millinewton) pulsed teflon thrusters
which have been in service since 1968. Only in Japan and in
the Soviet Union have development efforts on kilowatt-sized
plasma propulsion systems led to flight hardware.

With definite requirements within the next two decades for
larger electric propulsion systems in sight, a substantially
increased research and prototype development effort on plas-
ma thrusters and systems in the U.S. and Western Europe is
now required to furnish the basis for final system develop-
ment decisions (which represent large financial commit-

ments).

At present, there is not a consensus among the experts on
which MPD thruster type the technology «nd demonstration
prototype development efforts should be concentrated. Very
remarkable progress was achieved in the past few years with
pulsed self-field plasma thrusters-- quasi-steady ones using
electrodes as well as a short-pulse inductive type. In the
older literature, there are some equally promising perfor-
mance data on applied-field thrusters. However, all of these
results are, in this writer's opinion, still beset with
uncertainties, both concerning their validity for a final
flight system and concerning unresolved component life and
other systems problems. In addition, th¢ trading factors
between system dry weight and cost (e.g. for pulsed system

A R T Al 4., PRCRASTRRN, TR RN S I
‘ S R A ANt R AR e " PN o) N e
R LB T Tl L L oA e Lt Lt 0w p LT Trtadxb 3




power conditioning) and thruster performance are not vyet
available for the model missions considered. Therefore, it
appears that increased work on the technologies of several
thruster types and other decisive system components must be
pursued in parallel for some time together with the applica-
tion and cost studies.

This position paper is an attempt to furnish an objective
overview of the present state of development of newton level
plasma propulsion as an aid to the study of more detailed
papers on the 1individual thrusters, electrode phenomena,
etc. and on electric propulsion application studies. The em-
phasis will be on performance trends and factors which domi-~
nate them (such as the propellant selection), on comparisons
and on present technical limits. The, in the author's opin-
ion, currently still large uncertainties in many of the most
promising experimental data will be evaluated as well as
possible. No attempt is made here to summarize and evaluate
in detail the large body of thruster performance data and
system component weight and cost estimates found in the lit-
erature. However, the preparation of an up-to-date summary
and critical evaluation of the more recent experimental and
(sparce) theoretical results on thruster performance, to
supplement the existing excellent older summary papers such
as Refs. 5 to 11, is strongly recommended.

In identifying and evaluating the importance of unresolved
basic theoretical and experimental problems, the author ex-
presses his opinion where (and to some extent how) future
research effort could contribute to the successful develop-

ment of cost effective plasma propulsion systems.
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Brief Status Summary of Plasma Propulsion Systems
and Historical Background

Present Status

In the Soviet Union12

about one dozen (according to the pub-
lished literature) plasma engines of all three major types
(discussed below) have been flight tested and used in satel-
lite applications. MPD engine-like plasma accelerators have
also been used to inject alkali vapor plasma into the upper
atmosphere along earth's magnetic field lines for geophysi-
cal research purposes. It has been stated that these engines
performed in space "substantially as expected from vacuum
tank tests”, so that some of the uncertainties of ground
testing seem to have been removed. Thruster life times up to
1000 hours and potentially useful specific impulse values
and efficiencies have been reported using a multitude of no-
ble gas and alkali metal propellants. These engineslz,13
ranged in thrust from 4.3 to 24 mN and in power level from
100 to 3000 w‘2,13 which is substantially smaller than the
sizes of several newton and several hundred kilowatt consid-
ered here. However, there have also been in the USSR "
experimental and theoretical electrode studies up into the
tens of kiloamperes, so that the basis for scaling up the
various thruster types should exist there.

In Japanls, at least one plasma propulsion system with a
quasisteady pulsed self-field thruster was tested success-
fully in space. A Shuttle-based test of a similar plasma
thruster has been made on the Shuttle flight STS-9 on Space-

lab as experiment sepac !é.

In the United states!'?, pulsed solid propellant (ablation)
plasma thrusters were developed relatively early and used
successfully on numerous satellites since about 1968 for
station keeping and attitude control. Development of these

thrusters to larger sizes continued. However, it is not

o LT AR *1'." -" 4’.'
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clear to this writer whether power levels and efficiencies

A

N suitable for the applications considered here can be reached

* ol at,

by this method, but if so the electrode cooling and erosion
problems to be expected will be as severe as with the other

types of thrusters using electrodes.

. LT X e
Tl Ay B

Also in the U.S.”,18 at least two hydrogen thermal arcjet

engines (1 kW and 30 kW sizes) were readied for flight test-

o

'* ing, which however was not carried out for good reasons:
}@ first, there was no application in sight and (for the 30 kW
)

i at least) no power supply after the cancellation of the SNAP

8 development., Second, there was no reason to doubt that
such engines, if they were ever needed, would perform in

space as predicted from tank tests.

o F.‘-'

e

The life tests which were part of these arcjet engine devel-

18
),

opments (e.g. 500 hours for the 30 kW engine and other

A

life tests of radiation/regeneratively cooled arcjet and MPD
engines up to about 730 hours established !’ by extrapolation

Sl ke

the potential of electrode life on the order of several

thousand hours, albeit mostly under conditions of relatively

ZE high plasma densities. However, beyond those thermal arcjet
:* engines, there resulted out of the rather substantial R & D
» effort on plasma propulsion in the U.S. and in Western Eu-
he rope no flight qualifiable thrusters, nor even the basis for
:} a clear choice of the thruster type and propellant{s‘' to be
‘ﬁ developed in the future. However, four favored thruster
}' types and perhaps a half dozen favored propellants have ten-
ax; tatively emerged.

3

! Up to about 1974, many different laboratory thrusters had
X been tested with nearly 20 different single or mixed propel-
lants. The large body of data on this earlier work was sum-
marized and in some cases critically evaluated in Refs. 5 to
9. The evaluations as to the credibility of the results dif-
fer somewhat. Some very high performance data were reported

b »
prior to 1967 by a number of laboratories particularly with
‘.'
X AAF thrusters using hydrogen or lithium, claiming efficien-
.
w.
-
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é cies in the 50 to 80% regime and correspondingly high speci-

.% fic impulse values. These data are all now considered erro-

™ neous, mostly due to tank gas entrainment (discussed in a

i subsequent section) and in a few cases due to the use of a

? thrust plate. The more reliable data (which were repeatable

gs at very low tank pressures) ranged in efficiencies up to

R about 40% mostly with alkali metals, ammonia and hydrogen;

, much lower efficiencies were experienced with argon, nitro- .

g gen and helium. Later efficiencies in the mid-thirties were

: achieved also with argon. Thus at least prior to the very

™ high power (multi MW) pulsed thruster experiments of the )
past decade, the reliable performance data (with efficien-

i cies in the 30-40% range) with acceptable propellants were

M just barely sufficient for future applications of the type

Lo -
-

considered here, assuming adequate weight, life and relia-
bility.

The more recent and steadily improving performance data from
quasi-steady pulsed self-field thrusters from Princeton Uni-
versity and other laboratories must now be added to the data
bank. However, except for the Tokyo University flight test
units these pulsed thrusters, like most of the older labora-

=
A AT A Ay,

e w3

.
)

tory thrusters just referred to, are still far from flight

PRX

o

qualifiable hardware in terms of cooling, propellant supply,
erosion, etc. Also there appear to remain, in the opinion of

? this writer, serious uncertainties concerning the actually
5 attainable performance in space with a precisely timed pro-
ﬁ pellant valve, and other unresolved system life and weight
'; problems. The existing Soviet and Japanese MPD flight sys-
é tems have only modest performance to our knowledge, and are
i of much smaller thrust and power than the systems contem-
:c plated here. Thus MPD plasma propulsion has a long way to go
W to a competitive demonstration system for the thrust range
; of several newtons, but still appears potentially promising

: with the proper investment.
]
]
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Plasma Propulsion Development History - Brief Evaluation

& Plasma propulsion research and development20 started in a
¥ major way in the second half of the 1950s, a period of
ﬁ "plasma euphoria™ when magnetically confined fusion appeared
;a to be "just around the corner." Although this propulsion
L work could build on fundamental theory coming from astro-
Eh . physics, fusion research, early MHD generator studies and
4 arc physics and on a vast body of empirical information from
g many arc devices (switches, lamps, rectifiers, furnaces,
g welding arcs etc.), the progress of plasma propulsion since
E the early 1960's has been somewhat disappointing especially
w in the U.S. and in Western Europe, as indicated above, in
sl spite of a fairly substantial investment. The reasons for
s this (as seen by the author) are examined briefly as an aid
% for the planning of future work.
.
h Plasma propulsion development, in contrast to that of elec-
g trostatic ion systems, was held back by the following condi-
é tions:
i 1. The theoretically exceedingly difficult arc discharge
R and gas acceleration process which is very difficult to
make efficient.
p
é 2. The large variety of possible plasma accelerator types
?' and geometries-- with electrodes (i.e. applied) or with
& induced current, with continuous (dc or rf) or with
“He pulsed operation, with or without externally applied
: magnetic field; with linear, rectangular or axisymmet~
h ric geometry coupled with an almost limitless choice of
b possible propellants-- solid, 1liquid, gaseous, ele-
‘1 ments, compounds and mixtures.5-11,2! rhis wide range
3 of choices led inescapably to a diffusion of the 1lim-
:3 ited efforts and funds.
| 3. The age old, still unsolved arc electrode problems (for
} most thruster types)-- spots, erosion and losses.

- CYEON) AU o~ L, o AR ' . va "v' .“ LY e N 3
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4. The initial Jlack of full appreciation of the ground
testing difficulties (tank gas and wall interference),
hence no plans of early space tests.

5. The suitability of most plasma thrusters primarily for
relatively high power 1levels and the cancellation of
the nuclear power supply development programs which
moved potential applications even further into the
future.

6. The rather limited funding support compared with that
of the ion engines, which ceased almost completely in
the early 1970s in the U.S. and in Western Europe be-
fore a flight-test prototype thruster and system was
reached.

Only now, with the Shuttle in operation, plans of new earth
orbital operations and the necessary larger electric power
supplies have become financially realistic. These plans have
given new incentives for the development of multinewton
sized electric propulsion systems and, what is most impor-
tant, have furnished more definite propulsion performance
requirements and missions which can serve as a basis for
propulsion system comparisons.

With these new incentives, the insights gained from past
work, the large facilities now available for testing and new
tools for theoretical analysis, it should be possible to
overcome the cited difficulties and evolve one or two cost-
effective plasma propulsion systems. The success will be
contingent on:

a) careful coordination of the research and development
efforts and early reduction of the many choices men-
tioned above,

b) proof that the potential advantages of plasma propul-
sion still exist in spite of the latest advances of the
ion systems and

c) adequate funding to develop prototype systems (includ-
ing space tests) for comparative evaluations.
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en MPD Thruster Types Considered

{4

kw for the Station Keeping, Drag Make-Up,

L3 M

:%: Orbit Raising and Maneuvering of Large Space Structures

' The following four MPD thruster types, all rotationally sym-
oy

fw‘ metric, have emerged out of the multitude of possibilities
“ﬁ‘; s s . i
W as the most promising ones for larger power levels in addi

tion to the existing pulsed teflon ablation thrusters, the
.y development potential of which this writer cannot presently
144 evaluate:

o 1. The self-field thrusters (here SF-MPD for brevity), op-

{; erated in a long pulse (ms) "gquasi-steady" mode, or

?? continuously (Fig. 1).

i

;§ 2. The axial applied-field (AAF-MPD) thrusters, referred
to in the literature variously as MPD-A, Hall arcjets,

ﬁ? Hall thrusters or magnetic annular arc (MAARC). These

$$ thrusters have a geometry similar to group (1) above

%: except for the external magnetic field coil or perma-

:J nent magnet. They have generally been operated continu-

Q; ously but could be pulsed (Fig. 2).

i

%§ 3. The low density (original) Hall accelerators or Hall-

nd ion (HI) or radial applied field thrusters, usually op-

) erated continuously (Fig. 3).

Ry

s: 4, The flat coil induction thrusters requiring sub-us

b pulses (Fig. 4, Refs. 22 and 23).

Y

:* The discussion here will be brief and limited primarily to

&0 the first two types, which are under prime consideration in

Sﬂ the author's laboratory. This discussion is intended to

Eﬁ bring out certain trends, comparisons, current technical

25‘ problems and apparent limits as seen by the author today. It

n
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Fig. 1b: Operating Principle of Self-Field MPD Thruster.
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Fig. 2b: Operating Mechanisms of Applied-Field
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Fig. 3a: Low Density Hail or Hall-Ion MPD
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is not intended as an updated replacement of the comprehen-
sive summary papers of the past (Refs. 5 to 11), nor a dis-
cussion of the latest experimental or theoretical results on
each thruster type, as given in papers devoted to each type.
Rather it should be seen as an addition to those other pub-

lications.

The thruster of type 4, the refined successor of the early
"pinch” and "punch" induction coils used as EM-shocktube
drivers and in fusion research, is the only induction type
thruster still under active study and development. As such,
it avoids the severe electrode erosion and loss problems of
the other three groups (discussed in a subsequent para-
graph). The author cannot yet evaluate the potential of this
thruster and system compared with the other three,

while thrusters (1) to (3) are basically continuous engines,
thev can all be operated in a "quasi-steady"™ pulsed mode,
that is with pulses which are long compared with the time
required to reach a rather steady discharge and flow condi-
tion (but not steady state electrode temperatures). Pulsed
operation has advantages in thruster performance and cooling
and in the ease of preliminary evaluation testing of differ-
ent geometries, propellants etc., but has obvious system
liabilities. The thruster and other system component infor-
mation required to choose the optimal thruster type and
operating mode has yet to be evolved, and the choice may
well depend on the mission.

General Performance Trends of MPD Thrusters

The experimental performance curves in terms of efficiency
vs., exhaust velocity (or specific impulse) of the thrusters
tested so far have varied widely even within each thruster
group and with each single propellant, depending strongly on
the input power level, the thruster design, the mass flow
and other variables (such as the applied field in the AAF-
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MPD thruster groups), and, unfortunately, also on the test
facility, notably the tank pressure and size.

The efficiency vs. exhaust velocity curves of different MPD
thrusters can at least roughly be approximated by an equa-
tion which fits ion engines more precisely (Fig. 5 and Table
1):

o2
_ e
n(ce) = hax 2 2 (n
(klUc) + Ce

where

U.= {2 %, .(a

- _11/2
o i,50%5 I](3) + B Vo VL) / mal

D1

is the Alfvén velocity based on the pertinent ionization
«jjVrj(3) and (if applicable) dissociation Bjvpj and
the latent energy of vaporization Vyj added here, for i
atomic or molecular species and j levels of ionization.
k12 is for ion engines always > 1, typically a number on the
order of 10, since (kluc)z/z, the energy invested in the
ion production process, is typically 100 to 250 eV per use-
ful ion. For the MPD thrusters investigated, k1?2 varied
fairly widely, and k; < 1 is possible particularly for AAF-
MPD thrusters which frequently accelerate partially ionized
plasma (cf. Ref. 5, Table 7). A few values of the Alfvén ve-
locity for singly and doubly ionized propellants (but with-
out the latent heats of vaporization) are given in subse-
quent paragraphs of this paper (cf. Table 2 and Fig. 8).
"maxr Wwhich is normally near unity for ion engines (e.g.
0.85 by Refs. 24,25), is much smaller for most MPD thrust-
ers. For plasma thrusters, mpax can be roughly associated
with the thermal efficiency and the following fraction in
Eq. 1 with frozen flow and other losses in the acceleration
process. While the ion engines follow the curve given by
Eq. 1 up to very high exit velocities, most MPD plasma
thrusters reach (with increasing specific impulse) a maximum
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efficiency point beyond which the efficiency drops again
(departing from the matched curve given by Eq. 1).

Admittedly, the trend of the efficiency curves is quite dif-
ferent at very low exit velocities in the purely thermal re-
gime as long as there is no dissociation or ionization and
in some cases no latent heat of vaporization to be accounted
for (the latter being supplied by waste heat). But this re-
gime is not of much concern here except possibly for hydro-
gen.

It should be noted that the maximum thrust-to-input-power
ratio is given by the steepest tangent to the efficiency
curve from the origin. If n(ce) can be approximated by
Egq. 1, this becomes:

Ey = (&

e max e max

= nmax

k0,

=3

(2)

(2}

This and the general steepness of the efficiency curve de-
pends primarily on the propellant, since U¢ varies over a
factor of more than 20, while the thruster dependent factors
"max and k| vary generally over factors of 3 or less. The
newest ion thrusters have reduced the previous klz values by
more than a factor of 2. The steepness of the efficiency (n
vs. ce) curves is of prime importance for the transport
rates and transport costs of many typical near-earth mis-
sions as long as npax is "sufficiently"™ high to be of in-
terest (cf. Refs. 1 and 4). The heaviest propellants gener-
ally have the lowest values of Us and thus produce the
steepest efficiency curves.

For any one propellant, the thruster efficiency curves of
many of the better MPD thrusters fall into a broad band, as
indicated in Fig. 5 for three propellants-- argon, ammonia
and hydrogen. From past transport cost studies for near-

earth missionsl

it appears that the MPD propulsion system
efficiency should be at least 20-25% or the tliruster effi-

ciency at least 25-30% for the system 0 be competitive,
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5 while specific impulse values above =1000 s would be suffi-
a: cient for many missions. However, with most propellants and
J MPD thrusters much higher specific impulse values than the
o minimum must be achieved in order to obtain acceptable effi-
3f ciencies, e.g. for 30% efficiency with argon, 1500 to 3000 s
Eg are necessary, depending on the thruster, and still higher

values with the lighter propellants. This general trend of
the curves in Figs. 5 and 6 and of Eq. 1 is responsible for
the importance of and the striving for the highest specific
impulse values with any one given propellant, as discussed
in the next subsections.

?‘ Whenever the same efficiency can be reached with several

:ﬁ propellants, the one which does this at the lowest specific

& impulse, i.e. the heaviest one, will be preferable because
of the thrust/power ratio, if other things are equal.

2C

;x It should be noted in connection with Egs. 1 and 2 that the

{Z applicable value of Ur (and the losses) can jump to higher

- values when second 1level ionization occurs, i.e. when a
thruster is successfully driven to higher specific impulse

; values. This frequently sudden chenge from first to second

'5 ionization level with concurrent change in operating voltage

has been observed with some AAF-MPD thrusters, particularly
) with lithium.®
\
A

J

‘ The Self-Field (SF-MPD) Thrusters
X
:: The SF-MPD Thrusters (Figs. 1 and 7) have been much more ex-
:: ) tensively 1investigated experimentally than the other two
by R .

= groups discussed here, both with continuous and with pulsed
AR quasi-steady operation, with many different propellants. The

,l

) principle of operation should be clear from Fig. 1 showing

g how the self-induced circumferential or "pinch"™ magnetic
{f field (Bg) interacting with the applied meridional cur- {
5 rents produce meridional forces on the plasma normal to the !
'y current, mostly axially and radially inward. These forces, !
‘s |
Ll [
-
S |
b
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ék called blowing and pumping by Maecker 2® result respectively
;Qf in direct acceleration or pressure and temperature rise with
$¢ subsequent expansive acceleration (cf. Ref, 27, ch. 8.9).
o The pumping effect could also enhance recombination through
;x additional collisions.

i

5} The pulsed teflon ablation thrusters which have been in use

4

for many years are also essentially of the self-magnetic

Y
-
Pty X
e

% (SF) type, but with a rectangular geometry (though rotation-
ﬁ ally symmetric teflon thrusters have also been tested).
it ~
e
Of the three thruster types discussed here, the SF-MPD
5&‘ thrusters have the 1lowest arc voltages for a given power
g§ level, because the self-induced magnetic Zields are rela-
k) Y
ﬁ. tively weak unless very high currents (tens of kiloamps) are

applied, which explains the particular need for pulsed (qua-
) si-steady) operation of these thrusters. Typical values are

%ﬁ #50-70 Vv for a =200 kW continuous thruster compared with
A 200-300 Vv for a =6 MW pulsed thruster of roughly the same
i size. Since the electrode loss voltages change much less
jﬂ rapidly with the current or power level, the thermal effi-
%, ciencies of these thrusters improve with increasing power.
:: Because of the high currents required, the SF thrusters also
;3 have the most severe electrode erosion and cooling problems,
; though the latter can be reduced with pulsed operation, as
}1 will be shown.

'l| Ll

¥

* The phenomenon of self-magnetic plasma acceleration was
o first investigated by Maeckerzs, Wienecke ?® and others in |
fﬁ Germany (ca. 1955) who studied velocity distributions in the
g, cathode jets of carbon arc lamps. A simple integral formula
hY, by Maecker ?® gives the electromagnetic thrust fairly pre- ’
e cisely for any thruster geometry and assumed or measured
%ﬂ current distribution on the cathode and anode and thus also
:3 the contribution of the electromagnetic forces to the
{1 average axial exhaust velocity in the form

"

)

A%y
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po » J2
Cpy = ——— £(geom) (m/s ] (3)
47 m

ERTR)

g
P A

2
J m/s] (4)

= (1.85 to 3.05) < 10~

Aq-‘. « ~;~,
oL 52
=

-
K

where J is the total electric current, m the propellant mass

- e e oy e -
) "'J.’;')r /

flow rate, f(geom) is a function of the electrode geometry
and the radial current distribution on the electrodes (cf.
Ref. 27, ch. 8.9). The numerical values given in Eq. 4 are
typical for models tested so far. It is important that the
purely theoretical Maecker integral formula for the thrust

v

and the resulting electromagnetic contribution to the aver-
) age axial component of the exit velocity (Eq. 3)-- which are

10 well verified experimentally-- are independent of any as-
AT

sumed model or rotational (circumferential) uniformity of
}? the discharge. Any arc spokes and/or anode spot attachments
;§ have no influence on the result. These details of the arc

form and distribution, however, affect the exit velocity
distribution, the resulting thrust direction and the effi-
ciency of electromagnetic thrust production. Of course, mod-

@2 els are generally used to evaluate the factor f(geom) sim-
hﬁ ply, and herein lie some uncertainties. No such simple and
el generally valid thrust formula independent of a model exists
;{ for any of the applied-field thruster types described here-
%’ in. (It does for the linear Faraday channel accelerators).
§q Empirically, it had been known for some time that the cur-
ff‘ rent-to-gas-mass flow ratio (J2/m) has a 1limit for each
é‘ thruster and propellant where stable operation of the arc
k, becomes impracticable. Beyond that so-called "onset" value,
(; ' pronounced arc voltage fluctuations, severe anode spots and
i' anode erosion, increased anode losses and thruster efficien-
J: cy drop are observed. Attempts to exceed the onset limit
A (Jz/ﬁ)Crit are foiled by erosion of the anode (in some ca-
§‘ ses??,30), exposed insulators, and perhaps cathodes. This
.ﬁ erosion apparently supplies the additional mass flow needed
ﬁ to limit J2/m, as demonstrated e.g. by Suzuki et al.3?, (see
i also under Cann Minimum vVoltage Hypothesis).

LRI T N Ry - - 19BN 3 A% ] ISR
h o ’

Iy \ AT
A . LRSS vi¢ IREE\ Y RLE
"A"‘Al‘ ' ' .'ao'r D it e f IR ) s I-l.' L AV NAT VTR, # 4 .n'n AR A0

» »

RIS A ST U 3G SN WS ) » AT
PIENPY; . ’ . ) )
y Y X ."h Rl 8y e‘ i M Joh PN 2 'Qn A n"‘*s !' l‘z



P N _X_}

-

R A T N

22

The great importance of the onset or critical J2/m values is
clear from the previous discussion (Eq. 1) and from Fig. 1
since practically useful thruster efficiencies (say above
=30%) can (if at all with a given thruster) be achieved only
with each propellant at the highest specific impulse (or
J?/m) values presently attainable with that propellant, as
will be seen,

For SF thrusters, Hﬁgel7 has correlated the onset (Jz/ﬁ) ra-
tios from different sources and thrusters with different
propellants against their atomic weights (Fig. 6) which gave
roughly

J2M1/2
(—2) ~ 15 to 33 x 10!° (22 (5)
m Crit 9

or with Eq. 4

(Com)epit = (3 to 10) x 10" M;‘/2 m/s] (6)

where My is the dimensionless atomic weight of the propel-
lant, and the empirical constants in Egs. 5 and 6 depend on
the thruster geometry and the power level. The approximate
magnetic velocity scale in Fig. 6 has been added by this
author. These results agree of course with those of
Malliaris®! and Lien3? whose data are included. Recent
pulsed SF thruster data of Princeton University and the Uni-
versity of Tokyo report electromagnetic velocities by a fac-
tor of 2x larger than the upper value of Eq. 6 for argon, or
=33 km/s.

Hiigel7 calculated the current and gas density distributions
for some of these thrusters using several simplified flow
models and empirical electron temperatures. He showed that
near the onset, the ion density at the anode approaches zero
due to the pinch (or radial inward) component of the elec-
tromagnetic force distribution. He concluded that at the on-
set points the ion densities at the anode become too low to
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neutralize the electron current there, assuming singly-ion-
ized plasma. This explanation is immediately plausible from
the fact that the ratio of the magnetic piich pressure rise
(App) to the mean gas pressure in the jet pj is propor-
tional to the current/mass flow ratio parameter:

2,1/2
Apm 5 J Ma N
Pj i

as may be verified by simple approximations.

However there appear to be also other theoretical approaches
for arriving at critical values of J2/h. Cann arrives at
this from his minimum arc voltage principle described in a
subsequent paragraph. Schrade can show from his arc stabili-
ty criterion®? that instability must occur above certain

J%/m values.

King*" has approximated the MPD accelerator flow with a one-
dimensional channel theory and from this has estimated val-
ues of the Hall parameter in MPD accelerators. He ascribes
the onset limit of J?/m and the observed current distribu-
tions (Fig. 7) to excessively large Hall parameter values
(approaching ~10) as previously suggested by Rudolph et
al.3s.Incidenta11y the Higel model would also indicate in-
creasing Hall parameter near the anode surface as a result
of the decreased plasma density there. The induced or "back-
emf" (8ER = -CeBp) which was neglected in the Hiigel
model would add to this effect, as pointed out by Lawless36

and others.

All these different simplified analysis models, which are
not contradictory to each other, predict some of the experi-
mentally observed trends, but they cannot give absolute lim-
its of the performance of thrusters. The discharge behavior
near the onset, e.g. the arc attachment on the face of the
anode (Fig. 7) is not analyzable with either the Hiigel or
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the King model. But these models suggest ways in which the
limiting values of szﬁ;'/ m, hence the achievable specif-
ic impulses with each propellant and generally also the ef-
ficiencies could be improved. They are:

a) injecting neutral gas near the anode, to increase the
gas and ion density there

b) extending the cathode to achieve (if possible) radial
current flow to eliminate the radial ("pinch") pressure
gradient

¢) lengthening the thruster anodes to reduce current den-
sities and ohmic heating and thereby improve the
thruster efficiencies

d) reducing the anode exit diameter, to increase the mean
plasma density for a given mass flow rate, counteract-
ing the "anode starvation" and the rising Hall parame-
ter.

Cold (neutral) gas injection near the anode¢ surface has been
used in self-field thrusters by the Princeton University
Group3’ and by the University of Tokyo Group??, in each case
apparently with success in improving the specific impulse or
onset velocity limit, There is a clear limit to the fraction
of the propellant which can be injected near the anode, as
found in a systematic investigation at Princeton Univer-
sity37, before arc attachment problems at the cathode (and
possibly also midstream arc stability problems) develop.
Propellant introduction at the anode has also earlier
brought improvements in the performance of applied field

thrusters in investigations of Moore et al. "

(see Ref., 5,
p. 32) and of Kruelle3?® and others, but it is not yet clear
whether this is for precisely the same reason. For Hall-ion
thrusters and for applied field thrusters, the anode gener-
ally appears to be the logical place for most of the ions to

be generated.
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ﬁ*ﬁ

'ﬁyﬁ Extended cathodes and long cylindrical anodes have been used
b%(' ‘D . . . . .
’Réﬁ by the Princeton University group, both to supply sufficient
)

3ﬁ85 cathode surface and to counteract the above mentioned anode

starvation due to pinch forces which would not occur with a
purely radial current flow. The purely radial current dis-
tribution was not achieved, but instead most of the arc at-
tached itself to the front face of the thruster anode as
seen in Fig. 7. There, conditions are quite different from
those treated by the simple flow models of Hiigel or King.

King ‘s calculations predicted improving efficiencies through

lengthening of the anodes, but a definitive optimization of

e
4&?. the length was not possible since wall friction and heat
L) ik
ﬁ*h losses were not included.

W
R
i

Reducing the exit area to mass flow ratio and thereby in-
. Y
T{T creasing the exit gas pressure leads to lower values of the
'ﬁgg Hall parameter and should, by King’s arguments, lead to in-
N creased critical J2/h and specific impulse values (in spite
Bé ‘T,
of reduced anode-to-cathode radius ratio,. This, however,

%ﬂg leads again to higher anode current densities, unless it is
$$N compensated by additional electrode length (a point not men-
&4 : .
ﬁ%ﬁ tioned by King).
ey
J
A Kuriki et al."? use a one-dimensional channel model, assum-
Aty .
%:k ing alternately low and high magnetic Reynolds numbers, but

\)
§$$ neglecting tensor conductivity (Hall) effects. They conclude
[
-Qé: that a converging-diverging channel would be optimal for
v current distribution, exit velocity and efficiency and that
;j{ the length should be limited, in contrast to King, who (by

.£¥: extrapolation of his results) predicts a diverging geometry
' as the optimum.

?ég All this is being further explored at present, both experi-
ﬁ.» mentally in several places and theoretically by use of the
:E$; two simple theoretical models: an axisymmetric model for the
;;, conical thrusters (with back cathode), and the one-dimen-
{«1 sional channel model for the long cathode geometry thrust-
kf] ers, respectively.
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iy
Through such variations, found mostly empirically, (but
| partly indicated also by the model calculations), consider-
} able performance improvements have been achieved with pulsed
x SF thrusters recently, particularly at Princeton University
‘ and the University of Tokyo. It has been shown that the on-
% set limits and thereby also the achievable specific impulse
ﬁk and efficiency values depend very strongly on the thruster
" geometry and the distribution of the propellant injection,
;, and further on the propellant used and on the absolute
thruster size, the power level and operating regime relative

3‘ to the thruster size. i
% For argon, values of J*Zfﬁ;yﬁ < 1.69 x 102 AQS/kg have
N been reported35~- about 5 times the upper limit of Eq. 5 and
g Fig. 6. The corresponding magnetic velocity of 33 km/s was
4 about 2 times the upper limit indicated by Eq. 6. Corre-
;. sponding efficiencies in the low thirties were reported for
;: the pulsed SF thrusters with argon.

u

K The dependence of the performance on the propellant has not
13 been as thoroughly explored as that of the geometry. Very
{ roughly, the maximum exhaust velocities still appear to vary
o like the Alfvén velocities, or like Ma_o,s' and maximum
b efficiencies at the maximum velocities are expected to be
N relatively insensitive to the atomic weight of the propel-
% lant, though the data of Kuriki et al.“! show steadily in-
i creasing efficiencies with decreasing mean atomic weights
;V ({see also under propellant selection).
3; The effects of the operating point for a jiven thruster and
?- of the absolute size and power level under purely geometric
ﬁh scaling are only partially understood. Each thruster appears -
~, to have a mass flow range at which the best performance is

reached. Mead"? and l(aplan"3 compared two geometrically
scaled thrusters (2:1 in size) over a wide range of mass

AP

- s > an

flow values and currents. The results of the scaling experi-

- e P

ments were not very conclusive, partly because of (unex-

-’

-

o

plained) excessive erosion with the larger thruster and be-

R

i

cause the whole question of how scaling should be done and
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evaluated appears to be not yet well thought out. The essen-
tial parameters for flow discharge similarity (which may not

4 -

be possible with geometrically scaled thrusters) must first
be established, and then the effects of variations of these

parameters obtained experimentally.

. e oa
B L R

In summary, continuous water-cooled self-field thrusters (in
pre-1975 investigations) have, under reliable test condi-
tions (adequate vacuum), reached efficiencies with argon of
up to =~20% at Igp values of about 1400 s, at power levels

f Y W

) up to =300 kW. The low efficiencies are due to low arc volt-
ages and low thermal efficiencies (40 to 70%). With other

o

propellants, higher Igp values and somewhat higher effi-

ciencies were achieved., Radiation-cooled SF thrusters had

£3

P

higher thermal efficiencies but were generally of much lower
power level. For the pulsed SF thrusters of the past ca. 15

- - .

years at power levels of 3 to 6 MW, efficiencies into the
mid-thirties at Igp levels of 2000 to 3000 s and corre-

Lt

spondingly much higher voltages and thermal efficiencies
have been reported for argon; with other propellants effi-
ciencies are comparable at somewhat higher Igp values.
Thrust-to-power levels run from about 35 mN/kW for argon
down to about 10 mN/kW for hydrogen (Fig. 5).

i Yot

The Minimum Voltage Principle and its Consequences

Cann“l',6 and shortly thereafter Bennett *> derived on a pure-
¥ ly thermodynamic basis (a minimum entropy generation hypoth-

esis backed by empirical data) a simple theorem which, with-

\
"
) in the limits of certain restrictive assumptions, would pre-
)
dict certain performance trends and limits for the electro-
magnetic acceleration of gases in any device using an arc ‘

Q
£ discharge (i.e. any MPD thruster type).

&

W It must be pointed out (for the reader who wishes to save

- the time) that the theorem and its conclusions are highly
controversial, and are rejected by many expert investigators
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e

ig} on various grounds to be discussed. In the opinion of this
g&? author, the theorem (even if it should not apply precisely)
I has already predicted many observed performance trends so
f: remarkably well and given enough insight into the behavior
ﬁ“' of MPD arc devices and stimulated enough thought that it de-
‘&3 serves discussion. While the theorem 1is basically purely
i thermodynamic and not tied to any discharge form (like axi-
é{ﬂ symmetric), the limiting assumptions make it in a sense
w still a theoretical model thermodynamically which may apply
ﬁh more or less well in different cases. Also, Cann and Bennett
" used the thrust formulas from various models to evaluate

some of the results. The theorem is introdiced at this point
for comparison with the earlier self-fie.d thruster data,

) though Cann had particularly the lower density discharges of
! the AAF-MPD thrusters in mind.
L
3
) . . . . .
%“: Ordinary electric arcs (without externally imposed magnetic
Q&c fields) are known to always assume that diameter and temper-
e
0 5 ature distribution which, for the particular current flow-
P ing, results in the lowest possible voltag: or lowest resis-
¥
3’ tance. This long accepted empirical fact, the "Steenbeck
ﬁ' Minimum Voltage Principle" of the German literature, has la-
) -
&k‘ ter by peters'® been shown (not surprisingly) to correspond
J to the case of minimum entropy production (for a given cur-
;xi rent and set of other conditions).
_r‘.
‘-4‘.3
Ko
R Cann and then Bennett postulated that this should apply also

to arcs in MPD thrusters with strong external or self gener-
ated magnetic fields and gas crossflow; this is (1.) the
first basic assumption. Like any other minimum entropy or
minimum energy principle in physics, this cannot be proven
purely theoretically. The following three additional assump-

tions were made:

2. Only ionized gas particles are initially being acceler-
ated electromagnetically (i.e. only they play an impor-
tant part in the thrusters in question).

g e DR R T e



Any recovery of ion or electron thermal energies (in-

cluding those from possible recombination) can be neg-

e e
.
w
.

s

»’ lected.

(L )

K

3', 4, During any virtual changes of the arc condition at con-
5& stant current, the thrust would remain constant.

6.'

PN

e

The applicability and implications of these assumptions will
be discussed further on. With these assumptions, one can
partially differentiate the energy (or power) balance equa-
YOl tion for the thruster, using the ion mass flow (mj) as the

variable at constant current and thrust, and reach the fol-
;?‘ lowing conclusions:

1. A definite minimum mass flow (Mgy) mMust be ionized
(and dissociated where applicable) by the arc to
achieve the minimum voltage.

.;
?% 2. Half of the power converted by the arc (less electrode
W and other direct heat losses) must go into internal en-
b ergy (mostly ionization and dissociation energies)
< which were assumed to be unrecoverable.
2y
;} 3. Consequently, the thrust efficiency cannot exceed half
Eﬂ of the thermal efficiency, thus it must be below 50%.

v
:‘3 4. The electromagnetic part of the exit velocity cannot
'h* exceed a certain value-- the Alfvén velocity (Ug) for
o the degree of ionization which is applicable.
ﬁi

3 S. The "minimum" arc voltage also becomes a simple func-
'E tion of the applicable Alfvén velocity Uc.
&“ Analytically stated,
}
El;. My, = 3—0 (8)
.'i

"
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e
Y? or
h T
19 = =
- (Ce)max K Ue (9)
cr
pel
Wy

and
I,

O
:" (Vpin = TUC/J + V)V, (10)
)

o
‘*“ where the so-called Alfvén velocity Ug is cefined as"’

t.‘f

1/2
" )X
X 2 4. e(av,. BV..)
R U = 1] 1) D1 (11)
¥ C -

! m

a
3
0
i

o for i species and My the effective mean mass of the atoms
Jﬂ; in the jet. Vyji and Vpj are the applicable ionization
A,‘

:r, and dissociation potentials; aj and Bj, the ionization
48

e and dissociation fractions. Ue thus depends on the level

of ionization in the beam. Va and V. are the loss poten-

'1 .

::} tials of the anode and cathode attachments, respectively

»

f% (discussed in a subsequent section). In some of his publica-
h;‘ tions of the theorem, Cann®,*® has introduced additional
J terms (e.g. for the enthalpies of the electron gas and the
Ly neutrals) into the energy equation, which slightly modifies
ii' the formulas given above.

%

l.". ’ : . - )
iy The Alfvén velocities of some typical propellants, i.e. the

.@ noble gases, the alkali metals and some molecular gases,
V? both singly and doubly ionized, are plotted in Fig. 8 and
L . . . .
i§$ listed in Table 2 against the mean dimensionless atomic
et weights (when fully dissociated) of the heavy particles in
& the beam, M. It is striking how closely each group falls

Jl
{qﬁ on a straight line with slope differing not far from one
4 . . . o
:ti half. Thus, for engineering purposes, the Alfven velocities
L4
N of each group may be approximated by
3
h

- +

5 U.~k(M)1/2 5 , with e. << 1 (12)
Y <3 ]
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Table 2:

Al fvén or Critical Velocities ¢

33

crit
for Various Propellants

Propellant |Molecular Mass Ccrit . r*l’t
kg/kmol xm/s km/s

Hjp 2.016 55.1 -_—
He 4,003 34.4 61.7
NH 3 17.03 27.5 33.0
NoHy 32.05 24.9 31.2
Li 6.94 12.2 47.5
Ns 28.01 16.4 26.0
Na 22.99 6.6 20.1
K 39.10 4.6 13.2
Ar 39.95 8.7 14.5
Cs 132.90 2.4 6.5
Ne 20.18 14.4 24.4
Xe 131.30 4.2 7.0
Kr 83.80 5.7 9.4

+ every atam singly ionized
+ every atam doubly ionized, if possible
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9 with kj and ej constants for the group (j) and level of
Q: ionization. For the doubly ionized particles, the alkali and
N noble gases fall on the same line.

The dotted band in Fig. 8 is the Hligel correlation of the
E_ self-field thrusters of Fig. 6 (expressed as magnetic veloc-
% ities) which included He, Li, Ne, A, Kr and Xe. The Hiigel
correlation band falls right over the line for singly ion-
ized noble gases. The agreement is remarkable in view of the
P uncertainties in both the experiments and their evaluation.
X The Princeton University pulsed thruster data for argon fall
considerably above the doubly ionized noble gas line, which
is no contradiction in view of the extremely high enthalpies

- )

v
o”

reached in these tests.

[

%

7N

cann®,"® has examined the voltages, maximum exit velocities

S

and corresponding mass flow data of many SF and AAF-MPD

thruster tests in the literature and obtained remarkable

PO ‘*

agreement with predictions based on his theorem and appro-

-ab -

priate equations for the electromagnetic thrust. He has also
identified many test data which go beyond his predicted lim-
its, and listed these including some of his own as "ques-

FURINIINE M

tionable data" on the basis of tank pressure and tank gas

recirculation, incorrect thrust measurements, erosion or
other sources of error. Cann interprets the theorem not as

e |

an absolute limit but as the empirically most probable con-

dition of the arc, which will be difficult to exceed. He

a w & ]

x P
-

postulates that, in cases where less than the critical mass
flow is supplied into the thruster, the arc will usually
"find" the additional mass flow required for minimum voltage

‘: from the tank, from the electrodes (e.g. anode spots) or
! from insulators at the onset condition, or if this is pre- i
X vented the voltage will increase to produce higher levels of
- ionization and thereby a higher value of Ug. All this

A

agrees with many experimental observations, as already

i e
)

pointed out, including those of Rudolph et al.“g, Hiigel7 and
Suziki et al.3?. In the last mentioned experiments the meas-

)

ured jet speed also equalled the Alfvén velocity of the
eroded insulator (hood) material.
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§§ﬁ Kuriki and Suzuki’’ quote observations and results similar
%ﬁ# to those just discussed. However, they arrive at two criti-
e cal or transition velocities, Us and ugy given by

,g u, = (02 + 3k(r, + 1 )/m 102 (13)
g&f

f¥§’ where T; and Te are the ion and electron temperatures,
5@5 respectively., They thus include the thermal internal ener-
'&;7 gies of the ions and the electrons (surprisingly not the en-
,ﬁt; thalpies) in their transition velocity, but it is not clear
e whether this is based on a minimum voltage hypothesis. They
?b@ state that these two transition velocities (or Jz/ﬁ values)
é%‘ bound (with increasing currents) three regimes they call
;$$ "heating", "ionizing" and "EM acceleration", respectively.
%&n At the lower transition velocity (or current) the thrust
5%5. vs. current curve would steepen to the J?2 slope, and at the
: :% higher one (ugy above) the voltage vs. current curves
:%ﬁ steepen to the J3 slope predicted for the EM acceleration
h;: regime. Though they observed at onset similar voltage insta-

bilities and change in anode attachment described by all

-
.‘::_-
-

-

other investigators, they do not, like most others, consider
either of the transition points as limits for the operation

:g% or performance of pulsed SF thrusters. Rather they advocate
,) . as the goal advancing higher into the "EM acceleration”
E@? regime without producing excessive ablation. Their experi-
ﬁ¢$ ments did produce appreciable ablation of the plastic anode
_g?ﬂ hood, which makes interpretation of the data difficult.
s Their measured exit velocities went up to about uty (Eq.
%gf 13), calculated assuming doubly ionized argon.

&

4 51
# . De Villers and Burton

link"” between Uc and the exit velocity of MHD channels,
but that Uc can be used to determine the field ratio E/B.

state they found "no direct causal

o To this writer this sounds contradictory, since E/B is the

4 -

;’55 limiting velocity of such channels. Baksht et al,s? agree

s 8 with U. as the critical velocity and, like Hligel, ascribe

3%5& this limit to "anode starvation". Yoshikawa et al.>? recent-

$$§ ly obtained critical J?/m values with four propellants

:i:t"'
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?5 which, for at least two of the propellants, agree quite well
f? with the "theoretical" values derived from the Alfvén veloc-
K ities.

v

5‘ The objections raised by various investigators against even
ﬁ considering the minimum voltage theorem are mainly:

a) that the main assumptions on which it is based (1 to 4
%‘ above) are not approached by any one MPD thruster type
5% and that it 1is therefore an over-simplification. 1In
particular, that the conversion of thermal energy modes

in the magnetic nozzle is not properly taken into ac-

,,

count.

BT

b) that reliable experimental evidence exists which con-
tradicts the conclusions.

T S

X
e

» .

c) that one can prove from first principles (by solutions
of the conservation equations) that the conclusions are
false, e.g. that even with magnetic acceleration alone,

‘i; higher than 50% efficiency is in principle obtainable;
k' that therefore invoking any such theorem is superfluous
g‘ and misleading.

¥y

xﬁ The writer agrees substantially with objection (a), in par-
% ticular that conversion of the thermal enthalpies of the
i ions and electrons should be more properly taken into ac-
e count; this can be quite substantial-- ~4 eV per ion or more
i i for 16,000 K (counting also the enthalpy of the electron
i: gas). Actually, the enthalpies of typical pulsed thruster
$ experiments indicate much higher temperatures, typically
2; between 25,000 and 40,000 K and higher. In some cases, even
f% possible ionic recombination cannot be fully excluded. Thus,
%ﬂ the conclusions of the theorem in its present form are only
é% approximations, even if the basic premise is correct.
L Unfortunately, when conversion of these thermal energies is
f. included, the conclusions become less definite, and the
}i matter is complicated by the fact that the conversion of
4

;
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thermal enthalpy and the efficiency of electromagnetic
thrust generation are interrelated.

Objection (b) is based on relatively high specific impulse
values observed with pulsed SF thrusters with argon and on
the fact that little or no second ions were supposedly ob-
served in the jet. The writer feels that in view of the very
high enthalpies there should have been second ionization
near the cathode, possibly followed by partial recombination
(which reverts back to case (a)). In fact, there is some un-
certainty in all these pulsed thruster data, just as there
is in the theorem, as stated. The writer does not agree with
objection (c) that conclusive proof of a contradiction from
purely theoretical solutions has been brought forth as yet,
but feels that every effort must be made to advance with the
theoretical solutions, at least with improved models taking
into account real gas, magnetic Reynolds number and Hall ef-
fects.,

The writer believes that the basic premise of a minimum
voltage arc discharge very probably applies to MPD thrusters
also, and that the agreement of absolute results or of
trends between experiments and the theorem is more than pure
coincidence. The self-field thruster data cited above and
the many correlations of Cann and others also for applied
field thrusters show that there is much experimental and
some theoretical evidence connecting the arc behavior and
E/B for different propellants to the ionization potentials
in the same manner as is derivable from the minimum voltage
hypothesis. Precise comparisons are in mos: cases not possi-
ble, since the levels and degrees of ionization (required to
calculate Ug) are generally not known, because absolute
spectroscopic determinations are exceedingly difficult in a
thruster discharge. Also, the experimental values of
(Jz/ﬁ)cr are uncertain because of ablation and other
sources of error. Furthermore, the conclusions from the min-
imum voltage hypothesis are "broad brush" over all state-
ments which could not possibly account for details like dif- .
ferences in geometry, local mass starvation regions in the
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€4
gg discharge, etc. Thus, agreement or disagreement between ex-
;* periments and the predictions derived from the minimum volt-
_Q age hypothesis in any one case can be fortuitous and would
A not, in any case, prove (or disprove) all of the conclusions
g of the theorem stated above. It must also be admitted that
J the ionization energies (or the Alfvén velocities) as useful
dg correlation parameters are obtained from the energy equation
" or the frozen flow efficiency (Eq. 1) alone, without the
3: need for the minimum voltage hypothesis,
W
% However, because of the insights which hav2 been and can be
. gained, the further consideration of the minimum voltage
i idea appears fruitful, independently of the work toward more
gi accurate approximate solutions of the flow discharge bound-
N ary value problem for specific thruster cases. The conver-
r sion of ion and electron thermal enthalpies (roughly as in
5; Ref. 50) and the possible acceleration of neutrals by colli-
4 sions should, if possible, be included in the minimum volt-
3‘ age theorem. Additional careful experiments with hydrogen
- (having only one level of ionization), as suggested by Cann,
g appear most important for comparison. Theoretically, the ba-
M sic relations between the ionization potentials per unit of
g mass (i.e. Ug) and the attainable E/B values and EM veloc-
h ities must be further clarified, as well as the conditions
g: under which diffuse arcs become improbable and filaments and
d anode spots must appear.
b

The Axial Applied-Field (AAF-MPD) or Hall Arcjet Thrusters

Q The designation Axial Applied-Field thrusters was chosen be-
‘I cause of the predominantly axial magnetic field direction in
;, the region between the electrodes of the thrusters discussed
N in this paragraph, to distinguish them from the Hall-ion ap-
w plied field thruster group, which uses a radial magnetic
if field in the discharge channel. ,
i
g The AAF thrusters have in most cases very similar geometry i
s; to the axisymmetric self-field thrusters just discussed, but |
Y
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with the addition of either a field coil or a permanent mag-
net as a means of applying a coaxial fringing magnetic
field. These thrusters have their origin partly in the pure-
ly thermal arc-jets (as developed also for heat shield mate-
rials testing) with the field coils applied to protect the
anodes from a stationary arc attachment: and partly they
evolved via the Hall-ion thrusters (which initially gave a
rather poor performance) from the Hall current generator
idea patented in the early 1930°s. In most models tested,
there was a central cathode in the rear and a ring anode
further forward, with the cathode tip in a relatively small
cavity (or built as a gas-fed hollow cathode) in order to
have relatively high plasma densities there. A few models
with the cathode fcrward of the anode have also been tested
(Burkhart®*)-- a logical geometry in view of the electric
field required to accelerate the ions. These latter designs
represent a partial transition to the Hall-ion thrusters
discussed in the next paragraph, but still with a predomi-
nantly axial B field in the space between the electrodes.

The thrusters discussed here are usually operated at propel-
lant and power density levels substantially higher than the
Hall-ion thrusters and therefore appear more promising for
high power applications than the 1latter on the basis of
thruster size and weight. Many investigators consider the
AAF-MPD thrusters as still the most promising type for the
long range, for all power levels from a few kilowatts up-
ward. Prior to about 1975, most of the most capable labora-
tories concentrated much of their efforts on these thrust-
ers, including elaborate and difficult diagnostic measure-
ments of the jet velocities, plasma state, current and B
field distributions.

The additional variables of magnetic field strength and (to
some extent) geometry, increase considerakly the quantity of
data necessary to characterize these thrusters. There is
thus a vast literature on the performance and diagnostic
tests of these thrusters, with a large number of propellants
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;g' which this brief review can not even attempt to adequately
%% summarize or evaluate. But since the bulk of this work dates
ARk back to before 1975, it is adequately summcrized in the com-
d prehensive older summary papers of that time, e.g. Refs. 5,
o 6, 8 to 12, 39 and 55 to 57.

o

@j The axial-field (AAF-MPD) thrusters, compared with self-
;F field thrusters, have the advantages of considerably higher
%e' arc voltages and hence lower currents for the same power
A level (see below), therefore potentially lower electrode
%, ' loss fractions, erosion and cooling problems. They offer
. higher thermal and overall (thrust) efficiencies for a given
iﬁ power level and propellant, so that pulsed operation, though
;'J:' possible, does not appear necessary above =10 kW average

power. This implies substantial reductions of the power con-
g ditioning and propellant feed system weight, complexity and
potential life and reliability problems for the final sys-
tem, and elimination of the uncertainties of pulsed test-

§52 ing. Since their performance does not deteriorate as rapidly
R with size and power level as that of the SF thruster group,
éﬂ much exploratory testing on the AAF thruster types can be
AN done with scaled-down models in continuous operation. This
%: alleviates somewhat the severe vacuum pumping and tank size
:j requirements, at least for exploratory wock, and the power
K supply problems for early space testing.

&\

;? The AAF thrusters also have, however, in comparison with the
K

SF-MPD group, a number of disadvantages or additional diffi-

;f culties which must be overcome, starting with the present
{% state of the art, These thrusters are more difficult to con-
§$ struct (magnet cooling), more expensive to test reliably
e (large vacuum facilities) and even more difficult to analyze
~ and understand theoretically than the self-field thrusters,
': and the understanding of the flow discharge processes out in }
. the plume appears still more vital here for full reliance on
ﬁa the test results.

¥

;}A The design difficulties of the AAF thrusters come from the
ig need for a relatively strong magnetic field (on the order of
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0.1 wb/m?, or 1,000 G); that is, a field coil with several
hundred ampere turns. These coils are difficult to cool in
the vicinity of a white hot radiation-cooled thruster, and
they consume a substantial amount of power-- the more power,
the higher the temperature of the coil metal. The quoted ef-
ficiencies in some of the earlier papers did not account for
the power required for the coil. Seikelss,57 suggested the
use of cryogenically cooled (superconducting) coils as a
possible solution, or radiation shielded permanent magnets
up to limited field strengths. However, the testing of radi-
ation shielded thruster designs also requires very good
vacuum,

An additional problem with the AAF thrusters 1is that the
magnetic field may interfere with parts of the spacecraft,
though all MPD thrusters, especially pulsed ones, must be
expected to produce some electromagnetic interference and
noise (EMI). The dipole fields of the AAF thrusters, inter-
acting with the earth’s magnetic field, will also exert an
appreciable disturbing moment on the spacecraft (on the or-
der of 10-? Nm or larger) which has to be compensated in

some manner.

Both experimentally and theoretically, AAF thrusters are the
least well understood and most open to question of the
group. Because the energy conversion and rlasma acceleration
processes take place primarily out in the open plume (cf.
Fig. 3), the surrounding gas in the vacuum tank always gets
involved, even with very good vacuum (10-"* to 10-3? mbar).
kriille?? cites spectroscopically measured jet plume veloci-
ties which were one half or less of those calculated from
thrust and input mass flow. He ascribes this to ingestion of
tank gas into the plume, which was also predictable from his
theoretical model. In most experiments, including Kriille's,
the measured thrust decreased with increasing vacuum tank
pressures which would make the tank performance conserva-
tive, as long as the tank pressure was below 4 x 10-2 mbar.

It is now generally believed (cf Refs. 57, 58, 60) that tank
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tests at least at 10-° mbar will give reasonably reliable
test data with possibly a little lower performance than in
near perfect vacuum-- this in spite of the fact that with
improving vacuum the plasma plumes still become substan-
tially larger (see also subsection testing problems). 1In
space, not only would the discharge extend much further out
from the thrusters, but there is at least in principle the
possibility that some of the accelerated plasma could follow
along the field lines of the applied magnetic field radially
outward or even back to the thruster, thus reducing the net
thrust below the tank value. This effect, which in the tank
is prevented by the tank gas and walls, represents an addi-
tional uncertainty of ground testing for this type of
thruster,

Theoretically, the AAF-MPD thrusters, in the writer’s opin-
ion, are also the most difficult group of the three steady
state thrusters discussed here. Numerous very different mod-
els for the theoretical or semi-empirical analysis of AAF-
MPD thrusters have been formulated by several investigators,

including Patrick and Schneidermannsg, Cann et a1.6°,

Harder®!, Jahn®2?, Hassan®3, Bennett®*, ceikel et al.®%,

Fradkinbs, Krﬁlle”,8 and their coworkers (where applica-
ble). The older analyses (before 1968) have been summarized
and partially evaluated by Nerheim and Kellys, but the best

evaluations are those of Seikel et al.>> and of Krﬁlle39.

Very briefly, four mechanisms for the magnetic gas accelera-
tion and thrust production are being considered in these
models (in addition to the expansion in the physical nozzle)
as outlined in Ref. 55:

1. the self-magnetic forces (Bg times meridional cur-

rent) as previously described. This force can also con-

tribute to the conversion of thermal into kinetic en-
ergy.
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Y
--, 2. the actual Hall acceleration mechanism: an electro-
3 static ion acceleration axially and inward across the
".:f. fringing field lines, carrying much of the current from
:”_ the anode to the cathode jet. This may also be re-
,::: gardedSb as a magnetic nozzle process (jgBy), where
:1 the azimuthal drift or Hall current jg ~ E x B.
oy
e Then there are the further magnetic nozzle (jgB,) expan- ‘
;$ sion processes:
o0
ﬁt.‘, 3. the conversion of the rotational kinetic energy of the *
plasma, resulting from the applied (meridional) current
' crossing the applied magnetic field, vg ~ ju x Bo.
o
E:::: 4., the conversion of thermal energy (more precisely en-
r thalpy) into axial jet kinetic energy through the
~..f fringing magnetic field.
S0
; I According to Seikel et al.ss, the free variables (mass flow,
; applied current and magnetic field) in any MPD thruster ex-
by periment can be chosen such as to make any one of these
. mechanisms important. However, both from their calculations
,5 and from those of Krijlle39 for typical cases of experimen-
e tally well-performing AAF thrusters, it turns out (as had
4 previously been found experimentally) that mechanism (2)
. brings only a relatively small contribution to the thrust,
so that the designation Hall Arcjet is no longer appropri-
’;_.'. ate.
3} The mechanisms (2), (3) and (4) all require substantial azi- 1
3.' muthal currents (jg) to flow in the jet plume, which in
N turn requires an azimuthally fairly uniform conductivity 1
) distribution. Mechanism (2) requires, in addition, an effec-
‘:: tive electron Hall parameter (weTe)eff value much
:“' larger than unity in the anode jet in order to prevent the
f?:g electrons from crossing the field lines from the cathode jet
:‘; back to the anode, since for a major contribution by this
‘::.'0 mechanism, the applied (i.e. meridional) current in the
%
ot
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outer anode jet must be predominantly ion current, and the

arc voltage drop in that region must be correspondingly
high.

From experiments, it had been found by many investigators
that above certain critical values of the magnetic field
strength to mass flow (or B/m) ratios the discharges in
these MPD thrusters are not azimuthally uniform but contain
one or several rotating arc "spokes" or sedrents. Rotational
frequencies in the range of about 30 to 500 kHz have been
measured in many laboratories with magnetic probes and pho-
tocells, increasing with increasing magnetic field and de-
creasing with increasing mass flow. Comparable and sometimes
higher rotational gas velocities were measured spectroscop-
ically (with the Doppler shift method) in a few cases.

Under these conditions the discharge is believed to be high-
ly turbulentes, presumably due to the inherent instability
of the arc itself and perhaps to the motion (cross flow). As
a result, the effective transport properties of the plasma
and thus the conductivity equation are strongly changed. As
in MHD generator analysiss7, the effects of this turbulence
are treated analytically with the simplest possible model, a
postulated single frequency plasma oscillation, producing
the so-called anomalous or Bohm diffusion of electrons
across the magnetic field lines. Substitu:zed into the Max-
well equations, the plasma oscillations result in a modifi-
cation of the effective conductivity tensor, notably a
strongly increased effective conductivity normal to the mag-
netic field (decreased effective Hall parameter) and de-
creased conductivity along the fie1d55,39,68. With one con-
stant in the theory, which can be adjusted to fit experi-
mental data, it is shown that the effective Hall paramter
(wete)eff will approach a value of 2 to 3 as the lami-
nar Hall parameter wete would become very large (of the
order of 100). Seikel et a1.55, Kriille 3’ and several others
found that with these effective transport properties substi-
tuted into their analytical models, the important measured
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variables of their axial applied-field thruster experiments,
such as Hall currents and potential gradients in the anode
jet, could be satisfactorily matched. This is in spite of
the use of axisymmetric models and clearly not rotationally
symmetric discharges. Apparently the low effective Hall pa-
rameter values account roughly for the lack of discharge
symmetry.

69 70 have been

Extensive and difficult diagnostic programs
carried out to determine the variables in the plume which
quantitatively describe each of the accelerating mechanisms
(1 to 4 above). Among these variables are the azimuthal and
meridional current distributions, the ion current and poten-
tial gradient in the anode jet, azimuthal and meridional ve-
locity distributions of all ion and neutral particles, in-
cluding tracer substances in the tank gas, degrees of ion-
ization, electron densities, electron anc heavy particle

temperatures and the magnetic field distribution.

The comparisons of these measurements with the analytic mod-
el calculations indicated that the expected large Hall cur-
rents and large ion current fractions in the anode jets were
not achieved 1in the best axial applied-field thrusters
tested. Instead, the magnetic nozzle conversions of rota-
tional kinetic and thermal energy modes dominated. To the
writer's knowledge, the extent to which turbulence (anoma-
lous diffusion) alone or the non-symmetric discharge reduced
the contribution of the Hall current acceleration mechanism

could not be determined.

In summary, the axial applied-field thrusters have achieved
reliable thrust efficiencies of about 35 percent with ammo-
nia at =2500-3000 seconds specific impulse and power levels
for 30 kW class thrusters®3, Even much smaller thrusters
have achieved fair to good performance, especially with
lithium,. Much higher but less well substantiated older per-
formance values are in the literature. Thruster life times

on the order of 500 hours have been reported, in one case

:?x.‘ﬁﬁa&ﬁﬂ
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terminated by a cathode problem, possibly due in the au-

9,
Z: thor's opinion to thoria depletion of the tungsten. Improved
. performance is expected at higher power levels, possibly
; with pulsed operationb/. For the applied-field thrusters,
»z permanent magnets or superconducting coils (both thermal ra-
.t diation shielded) were suggested, but the precise design has |
v not yet been worked out. The coil location(s) and precise
:' . field shape in the electrode space are critical for good
'i performancebs. For performance testing of these thrusters,
“ tank pressures of 10-° mbar (10'1 Pa) appear adequatesa,
" though minor effects due to some entrainment of tank gas
i into the plume cannot be ruled out. Early space tests for
, both performance and electrode erosion verification appear |
% essential for these thrusters,
¢
C
The Low Density Hall-Ion Thrusters l

These thrusters have been studied mostly at Avco Everett
°6), at the DFVLR Stuttgart (Schreit-

, and also Krille and Zeyfangs), in the

>'ap 9 &

{({Patrick and Janes

mGller’z, Lindner73

]

Soviet Union and early on at EOS-Xerox. Mercury and argon
have mainly been used as propellants. Acco:ding to the ref-

 af gl uf A

erences just given, the performance of these thrusters ap-

)
-

pears comparable with that of the higher density AAF thrust-

- .

ers, even in relatively small sizes. Kriille and Zeyfang

o
A o

guote ce values of 20 to 30 km/s and efficiencies of 30 to

R,
-

40% with noble gases at power levels of 1.4 kW, i.e. per-

-k
=

formance at least comparable with the best AAF thrusters.

They appear to have no particular cooling or life problems

- s em o
m"a & s L & B

(up to 100 hours) in the low kW sizes, Like ion engines,
they have a plasma generation chamber separate from the ac-

mr

celerator, but a partially ionized plasma is acceptable. The
accelerating mechanism appears to be somewhat better under-

-
A e e

stood than that of the AAF thrusters, except for the previ-
i ously mentioned discrepancy (by factors of up to 100) be-
tween the actual effective and the predicted Hall parame-

T

ters, The plasma fluctuation or anomalous diffusion analysis
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model mentioned under the AAF thrusters is used here also to

. S/ 59
match experiments ™, .

These thrusters appear somewhat less promising than the AAF
or SF thrusters for large power applications for three rea-

sons:

" . af% 5B s o
Ty 53 rT o

1. They have substantially lower power densities, hence

o

: would be bulkier and heavier, especially in view of the
_; magnets, i.e. in size and weight one step closer to the
‘% ion engines. )
:, 2. They require much better vacuum for adequate testing
s% than the other two contenders, typically 10— 3 mbar,
=: which in practice requires cryo-pumping or very large
2 diffusion pumps.

v
5 3. In the size range where these thrusters might be likely
ig contenders, good ion engines already exist.

i

in

: Research work on Hall-ion thrusters is facilitated by the

té fact that acceptable performance has been achieved already

ig at relatively low power levels. However, performance im-
provements must be expected with increasing size, since wall
losses appear to be a dominant factor. The design principles

i; which have achieved such spectacular advances in the per-

’4 formance of ion engines during the past decade could be

v transferable to the Hall-ion thrusters.
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Electrodes and Thruster Cooling

Present Level of Understanding of Electrode Attachments

An overwhelming amount of literature from the past 50 to 60

years exists on arc electrodes, as well as many excellent

) critical summaries in perhaps fifty textbooks and monographs

l}: (e.g. Refs. 74 to 78). However, the vast majority of past

{ and present electrode and plasma/wall interaction studies

%ﬁ pertain to conditions and regimes very ditferent from those

in MPD thrusters. Also, much of the information in the lit-

\5j erature is either predominantly empirical or treats theoret-

iié ical models for specific situations (e.g. macro- and micro-
fons

spots of vacuum arcs on cold copper electrodes), and is thus
not directly transferable to MPD thruster electrodes. Thus,
in spite of the qualitative insights into electrode physics

;gi gained from this copious amount of previous work, the pres-
‘ﬁt ent quantitative understanding of the electrode attachments
24 for MPD propulsion is still rather limited-- certainly inad-
% equate for thruster design and optimization purposes. Even
§ those empirical or theoretical criteria which do exist for
$; predicting precisely under which conditions the transition
3ﬁ from diffuse to spot attachment on anodes or cathodes will
3& occur cannot yet be utilized for design until adequate meth-
{5, ods for calculating the plasma conditions near the electrode
?&: (from the midstream flow discharge solutions) become avail-
f_i able. As far as erosion and additive (e.g. thoria) depletion
p are concerned, the possibility of achiev.ing required life
b?% times of several months to years is still in question, since
oo there is insufficient experience with such long life times;
i;E . few electrodes of other applications have such long life re-
fn guirements.
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) Importance of Electrode Design

S Understanding of the electrode arc attachment regions is es- |
sential for successful thruster design and operation in view I

of the following problems:

PR X )

- electrode erosion, which is critical both for thruster

life and for spacecraft surface contamination

transition from uniform to spot attachment on the anodes

P 2 e Wiind
|

("onset" effect) which limits the performance (Ig and
n) and causes both excessive erosion and electromagnetic

Y, noise (EMI)

3

h

! - electrode losses, which critically affect thruster effi-
{ ciency and cooling requirements (i.e. thruster weight)

)

Erosion of cathodes is at present, in most cases, still ex-
K cessive from the viewpoint of thruster life alone, while the
: limits imposed by spacecraft contamination cannot be stated
H generally. Anode erosion may be manageable, as long as uni-
5¢ form (spotless) attachment is achieved.

The formation of macrospots on the electrodes, i.e. the
shift from diffuse and more or less even arc distribution

.-..J‘ -

(which for the cathode may include an even distribution of
microspots) to localized concentrated arc attachments is, of

P

course, akin to the arc filament formation in the midstream
region but influenced by the specific boundary conditions at
each of the electrodes. It must therefore be discussed sepa-

rately for each electrode type. In MPD thrusters, macrospots
cause excessive (destructive) erosion on each of the elec-
trodes-- though this 1is sometimes tolerated with pulsed

o=

thrusters (as indicated in a following paragraph). Arc fila-
mentation in the midstream tends to lower the thrust effi-

s

ciency. It is not yet clear to this writer what relationship
exists between electrode (e.g. anode) microspot formation |

»

and uneven midstream discharges.

)

N
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Electrode losses (notably on the anode) dominate the effi-

ﬁ ciency limits of small MPD thrusters, where the electrode
f? losses can take up 50 to 60 percent of the overall voltage
X drop. For larger thrusters (MW regime) and with strong ap-
ﬁ plied fields this loss is less dominant, but it does strict-
2 ly limit the current densities on anodes if simple radiation
Q cooling is required.

;

a . Electrode Voltage Drops and Loss Distribution

K

. In most MPD thruster designs, except the Hall-ion thrusters,
{ as in many other arc devices (like short-arc noble gas and
: carbon arc lamps, welding arcs, etc.) a major portion of the
2 ionization takes place at or near the cathode. In these
4 cases, there is therefore a relatively large potential drop
'F in the arc near the cathode, much of which must however be
:% charged to ionization (frozen flow loss) rather than as a
N cathode loss. The plasma thus formed is blown as a cathode
) jet toward the anode, where there is usually no mechanism or
W need for additional ion generation if the ion density there
2 is sufficient to neutralize the imposed electron current. As
& long as this is satisfied, the anode poteitial drop can be
" gquite small (even negative). In spite of this, the overall
? losses at the anode can be very large, as will be shown. An-
‘5 other energy loss which must be invested at the cathode is
; the electron work function & (=4 to 5 V for most metals),
' which appears as an additional heat load at the anode and is

frequently accounted for as an anode loss, though actually

g~

it should be considered as a usually unrecoverable "cost" of

running an arc.

Vs .
.

r

MPD Thruster Cathode Phenomenology

This paragraph will deal only with refractory metal (W, Ta)

el el o -

cathodes, at present the only ones known to be potentially
suitable, For larger MPD thrusters, the so-called high cur-

rent regime from a few hundred ampere into the high kilo-
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e amperes and gas pressures at the cathode trom a few hundred
:5 millibar on down are applicable. The cathode appears cur-
;ﬁ‘ rently as the most critical component from the viewpoint of
ﬁéz thruster 1life.
1
35: Cathodes of continuous thrusters (and those of some other
ﬁﬁ‘ arc devices) can operate, in their design range of condi-
3$$ tions, with an apparently spot-free diffuse arc attachment
3%; covering a fairly large area. To reach this optimal (from
Lﬁ the viewpoint of erosion) condition, the cathode must be of
%w the right material (e.g. thoriated tungsten), be able to
e reach the required temperature (2,600 - 3,300 K) over a suf-
B ficient area (implying adequate but not excessive cooling)
;&., and be surrounded with sufficient gas density for the im-
fﬁq posed current. This condition will be described more closely
() below. Under all other conditions, like continuous thrusters
§22 during warm-up, cathodes with inadequate gas pressure or de-
'1f sign or "aged" material (thoria depletion) as well as cold
ﬁ;ﬁ cathodes of pulsed thrusters operate in some form of spot
o mode. This involves local melting and substantial vaporiza-
;‘% tion of cathode material, as will be discuised.

I

‘)
{Eﬁ The conditions for diffuse cathode attachments ("thermionic
:j cathodes™) in MPD thrusters are most comprehensively treated
ﬁm by Hiigel and Krille’® together with Cann and Harder®? and
%ﬁ. Bade and Yossl, the last one being limited to atmospheric
gﬂ: pressure experiments. Ref. 79 also examines the possible ef-
0 fects of the By self-field on macrospots of cylindrical

cathodes. Some effects of axial applied magnetic fields (for

AAF thrusters) on the cathode tip pressure distribution are

82 put generally there are insufficient

treated by Malliaris
data to predict the effects of magnetic fields on the ero-

sion due to cathode spots,

Without attempting to go into the complicated and only part-
ly understood cathode processes, a few essentials will be
discussed. All cathode attachments (diffuse or spots) have a
space charge or fall zone of varying voltage (Vg) and

A e TN Ly {1y 1ol
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:“:z thickness of roughly an ion mean free path, with voltage
:E!E:.‘: gradients at the surface (Eg) of the order of 10° to 10°
_!"‘,'! V/cm, sufficient to produce some field emission (under cer-
’:':;:' tain conditions the effective 1local fields can be much
2:3:: stronger; see below). Ions from the adjacent arc column
:::'E:' {neutral plasma) diffuse or are drawn into the fall zone
7"0\!-" where they are accelerated to bombard the cathode. This ion
i';,:‘- current density jj. the dominant heating mechanism, pro-
::'.:o:' duces a net heat flux to the surface of roughly

ol

R v+ % kT, + VvV, - &) (14)
e

5.'0 where Tj is the ion temperature in the adjacent plasma,
:E Vi an effective average ionization potential of the arriv-
.'.:.“ ing ions and ®¢ the cathode surface work function. The sur-
&;‘g. face accomodation coefficients have all been set unity as is
'_ customary in view of other uncertainties (this may not be
)‘."‘: admissible for very light ions like HY*, Het, N*). The frac-
" | tion (a) of the total current density j = je + 3ji, which
. is supplied by the ion current, generally ranges between 8
R \ and 15 percent but can be much higher. Its maximum value can
;:\ be estimated from the ion diffusion rate in the adjacent
;*": plasma. Additionally, the ion current fraction is bounded by
h# various approximate energy relations. First, the minimum
:::‘ value of jj is set by the required heat input flux, ex-
#0' pression (14), which must be larger than the electron emis-
:.:!3‘ sion energy Jje®y. Second, some analysts assume that all
— the ions drawn in have been produced by the electrons coming
E’ﬂ"q : from the cathode into the plasma, implying the energy rela-
N, tion

Es' i v j.v

N e cC 11

ot

.‘:\ so that

\‘._\

Ji Vo 1

s a =3 Ty v, ¢ 2 (15)
‘:'s‘ c I
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:tu Thus the ion bombardment heat, and to some extent the field
E': of the fall space, supply the energy for the so-called
fb\ field-enhanced thermionic emission of the electrons. While
) there 1is no complete theoretical solution for combined
:;G thermionic and field emission, a first order approximation
:3' for predominantly thermionic emission 1is the Richardson-
32 Schottky emission equation. In a simplified form applicable
mi for MPD arcs (following Refs. 79 and 81, retaining the
1:2': dimensional constants of those authors), this is:
F
b3 5o = ATZ exp (-(11,609 & - 332 v)/® M/8 514 ;0 ) (a/cm?)
L (16)
3 | | . . -
e In this A, the Richardson "constant"™ should have a universal
'm' value (120.4 A/cm?K?) for pure surfaces of simple crystals
yr of all metals. Tg is the cathode surface temperature, M
%ﬁ{ the dimensionless molecular weight of the propellant; 3jj
t‘ is here also in A/cm?, The second term in the bracket of the
'Yﬁ exponential represents the amount by which the work function
N term would be effectively reduced through the field emission
!&; (see below).

LT

& = i

In view of the approximate nature of the equation and mate-

Py

rial property uncertainties, this is usually treated as a
semi-empirical relation in which A and sometimes also &y are

-
%, -
)

oy adjusted to fit representative experiments.
..'.‘
‘ |
L. " .
&“i Huge179 derives values of A between 0.03 and 0.5 for argon,
WY and 0.7 to 3.0 for hydrogen, in each case increasing values
g 5 with increasing pressure. Bade and Yos?! suggest A = 1
'Jé A/cm2K2 and ®p = 2.6 V as average values for thoriated tung-
f” sten, but they could not determine pressure dependencies.
0
,dﬁ It appears likely that Eq. (16) underescimates the field
s . . . .
S emission contribution and thereby the pressure effect, the
N . \ .
f ‘ second term in the exponent of Egq. (16), would increase with
;?“ increasing pressure and thinner fall zones. Ecker’® and
l& others who put forth theories about thermionic + field (T-F)
.i,“:_
g
)
i,
e
L)
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emission have pointed out that large local peaks 1in the
field are likely to occur due to the inherant surface rough-
ness (on a molecular scale) and plasma fluctuations. These
) effects could materially increase 1local field emission
rates, as is probably the case also in spots.

" In summary, Higel and Kriille’?

obtained with diffuse cathode
\ attachments current densities to 2,000 A/cm2 with argon and
: to 5,000 A/cm? with hydrogen at 100 mm Hg and 1,000 A, at
§

Tg ~ 2,800 to 2,900 K and 3,200 to 3,300 K, respectively.

The attainable current densities should increase with the
' pressure and the current., Fall voltages V. were 3.5 to
8.5 Vv for argon and 3.3 to 4.5 V for hydrogen (both surpris-
ingly low), decreasing with increasing pressures and cur-
rents. The net heat fluxes into the cathode ranged from 0.6
to 2.5 kw/cm2 for argon and 1.7 to 4.0 kw/cm2 for hydrogen,
the largest values always at the highest pressure (= 100 mm
Hg). Note that the 1limit for reradiation at the melting
point is 1 kw/cmz, so that generally a larger area than the
arc attachment must radiate to cool the cathode. The net

ey

heat flux equivalent voltages were 5 to 1 V for argon and 2
to 0.7 Vv for hydrogen, decreasing with increasing current
for both and pressure for argon.

f These results agree substantially with those of other inves-
tigators, except that Bade and Yos experienced more of a
tendency of spot formation, presumably due to their higher
gas pressure (1 bar). Thus, thoriated tungsten cathodes can ~
operate in the spot-free thermionic (i.e. T-F) mode, with

3 current densities up to at least 2 kA/cm? with minimal loss-

es, at =2,800 K, the highest still acceptable surface tem-

perature from the viewpoint of vapor pressure.

Much higher current densities (to at least 5 kA/cm?) are
possible, but at excessive temperatures for long life (i.e.
above 3,000 K). Aging of the material (presumably thoria de-

pletion) was found to be a serious problem in some cases?®?,
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Wl
?!‘ Microspots and/or macrospots appear on thruster cathodes
;ﬁﬁ whenever the metal work function, temperature and/or the am-
: - bient plasma density are insufficient to allow the imposed
o arc current density to be supplied with distributed T-F
::go emission alone. Molten areas like macrospots can also occur
ﬁ‘ due to inadequate cooling. However, also under conditions
ﬁi. where spot-free thermionic cathode operation should be pos-
;: sible, the arc sometimes changes to a spot mode for as vyet
;é unknown reasonsal, but presumably as the lower voltage solu-
): tion. The existence of two possible solutions in many cath-
?- ode and anode attachment cases was already shown by Ecker’®.
“. ]
) The cold cathodes of typical vacuum arcs always operate with
;fﬁ microspots. The cathodes of pulsed (quasi-steady) MPD
!f< thrusters presumably also are fairly evenly covered with a

large number of microspots, as evidenced by the roughness
{éj after a few shots. The cathodes of continuous thrusters dur-
i? ing warm-up and overcooled cathodes generally operate with
$’? macrospots79,81, which may be or at least have initially

been structured, that 1is, clusters of microspots as de-
scribed below.

X Cathode microspots are the subject of much academic specula-
1jﬁ tion and vacuum arc experiments. In spite of the many con-
e gresses held on vacuum arcs in the past decade, no up-to-
é;: date summary and evaluation of all this work on cathodes ap-
ﬁ? pears to exist. The most frequently discussed microspots
ﬁ have extreme current densities (on the order of 10° A/cm?
:}“ and even higher) which lead within nano-seconds®?® to local
#{f vaporization and the formation of a minute crater (on the
g-? order of 10~" cm diameter). High pressures, on the order of
o 100 bar, and vaporization rates in these craters have been
’;. calculated. The emission in these craters must be predomi-
g}: nantly field emission. The hypothesis of field emission pre-
‘ﬁi: ceeded by melting is supported by recent findings in the So-
?;' viet Union. FurseyB“ photographed microscopic needle sharp
;' cones, similar to the Taylor cones observed on the knife
;’ﬁ edges of field-emission ion thrusters, around the edges of
?“ cathode spot craters.
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These dense current filaments are very unstable, in spite of
85

.‘-‘N .b.

the emerging vapor jets (cf. Schrade “). This accounts for

the relatively small remaining craters and high frequency
(ca. 10 megacycle and even some gigacycle) EM noise from
such arcs. In spite of the short residence times, the over-

s onel

all erosion rates cited are very high, =40 vo 100 ug/C, con-

g
K-

sisting of both vapor and so-called macroparticle ejection.

For thruster application, some older papers on both micro-
and macrospots are more applicable. Zykova et al.®® obtained

Ve s Va2

from pulsed discharges in a 2.5 mm arc gap and cold elec-
trodes (very different from a typical thruster situation)

”

¥ tuly

very detailed time-resolved optical and erosion trace obser-

-7'...:"—' X

vations of cathode and anode spots on tungsten, copper and
other metals, Test gases were xenon, argon and helium, at
pressures from 400 down to 10~"% mm Hg, with pulse durations

s ¢« & & K

up to 2.6 ms, and currents from 5 to 4,000 A. Three kinds of

microspots were observed, including the fast moving ones

PR

just mentioned (spots of the first kind in the Russian lit-
erature). These 10-3 cm diameter spots appeared "instantly"
at all currents and pressures covered, and left only slight

- e

damage, i.e. relatively small and shallow traces, on the

s a A

-

higher melting metals. The =5 times larger and much slower
moving (10 to 100 cm/s) spots of the second kind appeared

4 100 to 200 us later, left "noticeable damage in the form of
{ fused craters on all metals except tungsten," where they ap-
: peared only at the highest pressure (400 mm Hg). The equally
‘ large but slow moving or stationary spots «f the third kind
appeared only at 10 mm Hg and below, and on.y in clusters of

- .
PR -

- 10 to 30 spots which were about a spot diameter apart. These
low mobility clusters of spots carrying =200 A on copper and
200 to 300 A on tungsten (with 10 to 20 A per single spot),
left "on all metals" relatively wide and deep fused cra-
ters. Thus the kinds of spots observed depended on all the
variables, including the time during the pulse. Signifi-
cantly, some of the microspots and clusters (the most damag-

r‘ | -.\ n évl‘ ‘._‘1“ :r

i ing ones) were stable and nearly stationary. The area cov-
ered by spots increased with time as a function of current,
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metal and pressure, leading in some cases to the macrospots
observed by other investigators with continuous arcs. Spot

areas on copper at 1,300 A after 700 ups correspond to cur-
Fe rent densities of 6 x 10" to 3 x 10° A/cm? at 10 mm Hg and

%9 10" mm Hg respectively, similar to the macrospot observa-
35 tions of Ref. 79.
Jed
;M' A most important finding for pulsed thrusters (and possibly ]
g; for warm-up of cathodes generally) was the strong dependence
zi of the erosion trace volumes on the pressure (for a given
zﬁ gas and metal) with a pronounced minimum. The data given for i
. copper correspond to 100, 2.5 and 25 ug/C at pressures of
:" 10'“, 100 and 400 mm Hg, respectively. No erosion volume
fﬂi data were given for tungsten, except that they were gener-
@; ally smaller. Such numbers (notably the larger ones) are
-, typical of other vacuum arc erosion data in the literature
th for copper. The existence of such a pronounced minimum (by a
;&é factor of 10 to 100), if it should also exist for tungsten,
§;¢ could be most significant for thruster design. The conclu-
sion would be that there may be an optimal pressure regime
2 : for pulsing (and possibly even for thruster warm-up) consid-
;; erably above 10 mm Hg to avoid the clusters but below 400
;; mm Hg with tungsten to avoid the spots of the second kind.
;) Some pulsed thrusters may (by design or by luck) operate in
o that regime.
i
b
"ty It appears most essential that extensive experimental pro-
?M grams on thruster cathodes-- both with ditfuse and with spot
;* operation-- be carried out, to supplement the very few ap-
‘§: plicable studies to date. In particular, the effects of the
i? gas flow and pressure and of the strong self-fields and pos-
sible applied fields on cathode operation and erosion must
- be systematically explored under typical thruster condi-

ey
s & .&

tions, in addition to the material aginc (additive deple-
tion) effect on which only sparse information is available,
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Thruster Anode Phenomenology

In a long arc without axial flow, there is a small ion drift
(i.e. positive ion current) away from the anode. These ions
must be replaced at the anode to provide plasma (space
charge) neutralization and thus allow the main electron cur-
rent to reach the anode. To produce these ions, either from
ambient neutral atoms or from anode material, an anode arc
contraction and fall zone sets itself up having, at the low-
er densities, a voltage close to the ionization potential of
the substance to be ionized. Normally an anode spot devel-
ops, from which anode material is evaporated and ionized,
because in practically all (except alkali vapor) arcs the
anode metals are more easily ionized than other arc gases.
These anode contractions, while less concentrated than those
at cathode spots, produce self-field anode jets (similar to
those from cathodes), which increase the ion flow and ion
current contribution away from the anode above the normal
ion drift of an arc column,

Spot-free anode functioning (at least wichout macrospots)
is, however, possible in many MPD (except possibly Hall-ion)
thrusters, in thermal arc jets and many cther arc devices
such as short—-arc lamps. There the plasma is generated most-
ly near the cathode and in some cases also in the midstream
discharge and is blown toward the anode surface. Under these
conditions there is normally no need for ion generation near
the anode and the anode potential drop becomes zero or even
negative as predicted by the classical anode theory for this

case87.

For such MPD thrusters (with rear cathode), Hﬁgel7 has de-
lineated three regimes of spot-free anode operation. The
first regime is characterized by a sufficient supply of ions
for neutralization and replacement of those drifting (or
blowing) away, and a sufficiently large natural diffusion of
electrons toward the anode to provide the current drawn. If
the normal electron diffusion exceeds the electron current

-
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g
i drawn by the external circuit, the anode surface, if it is
iz "cold", becomes slightly negative relative to the plasma,
fi similar to a cold floating probe in a hot plasma. (If it is
- hot, it will reemit some electrons.) Depending on the elec-
é tron temperature this could be 3 to 5 V negative, though a
E cool gas wall boundary layer will also somewhat impede this
;ﬁ electron flow.
:7 As the current is increased at constant mass flow rate (or
33 Jz/ﬁ is increased by any path), a second regime is reached
L through the increased magnetic pinch effect and increased
' relative current density, i.e. closer approach to "onset"
;; conditions. This second regime described by Higel is one in
fi which the natural electron diffusion no longer supplies the
ﬂ, demanded current density to the anode, though the ion supply
. to the anode is still sufficient. This anode regime exists
;t for the thruster type and operating regime treated by Hiigel
:: and coworkers, where the ion supply carried by the jet to
.3 the anode exceeds the demand there longer (with increasing
" J2/m) than the natural electron diffusion satisfies the re-
S quired electron current. In this regime, a positive voltage
i drop develops near the anode, increasing linearly with in-
;E creasing J, from 0 to ~6 to 8.5 V for argon.
Y This results primarily in increased electron drift current
" through potential gradient plus small contributions through
5{ ion generation (6ne) and temperature increase (0Te).
A Since in this regime the increase in anode voltage is pro-
:. portional to the increase in current density (&je) im-
% posed, this voltage (loss) rise should be reducible by in-
i creasing the anode area exposed to the plasma flow.
¥,
"W, With further increase in the current/mass flow parameter
§ (Jz/ﬁ), a third regime of theoretically possible spot-free
$ attachments is reached in these thrusters, where now also
?‘ the rate of ion flow toward the anode becomes insufficient.
- In this regime, which Hlgel calls that of the genuine or
3 classical anode fall, the anode potential must instantly in-
o crease to the potential drop required for ion generation.
' \
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Using classical anode theoriesaa,89 and the "field" ioniza-

tion process appropriate for the low density regime, Hlgel
calculated an anode fall voltage of 12.4 v for singly ion-
ized argon and slightly lower values (10.7 Vv and 8.8 Vv) for
xenon and krypton. Double ionization requires roughly twice

those values.

Since all practical electrode materials have lower ioniza-
tion potentials (below 8 V), a diffuse anode attachment of
this last type 1is unstable and will break down to anode
spots with anode vaporization, the normal operating mode of
arc anodes described initially which results in a lower an-
ode potential. Also the third regime just described, where
the plasma density near the anode approaches zero, is in
fact close to or at the "onset" or critical JZ/ﬁ point where
probably various other arc instabilities appear in addition
to the anode spot formation. The beginning of this third
(i.e. the classical) anode operating regime 1is therefore
(also in Hugel's designation) the onset point, at least for
those thrusters where "anode starvation”" dJdue to the pinch

pressure gradient is dominant.

On the formation and nature of anode spots, the following

will give some insights. For the much more frequently inves-

tigated vacuum arcs, Miller??

reports from different sources
evidence of five different anode operating modes. They are,
first, the diffuse, fully passive attachments (similar to
those described above but at lower pressures); second, a
diffuse attachment with some anode material backflow pre-
sumed to be sputtered by ions from the cathode; third, an
attachment regime he called "luminous footpoints" with occa-
sional point melting at sharp points or edg:s, with tempera-
tures near melting (=1370 K on copper) but acquiring still
relatively modest damage; this regime of the wvacuum arcs,
which is accompanied by an increase in arc voltage and arc
noise (voltage fluctuations) appears to be closest to the
onset point phenomena of self-field thrusters; fourth and

fifth, the regimes of "true anode spots" which come in a
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wide range of sizes and current densities depending on all
the variables of the experiment (gap geometry, metals, cur-
rent, time, background gas) as described by many investiga-
tors, One of these modes, the short pulse or initial one
(appearing already in microsecond pulses) shows many small
spots of high current densities, individually or in clus-
ters. The number of individual spots depends on the overall
current (among other things). The other or large spot mode
appears to be the result of longer time and high current,
These large spots may be internally structured, but they
produce a common anode jet. Common to the true anode spots
are surface temperatures near boiling (=~2,500 to 3,300 K on
copper) with severe erosion of the anodes even during rela-
tively short pulses (of the order of milliceconds as used by
the switch-gear people), except perhaps on tungsten.

zZykova et al.®® report on two kinds of anode spots. The sec-
ond kind, applicable to the MPD regime (p=10 mm Hg and be-
low) of 10=° cm diameter and 10 to 20 A per spot (=10’
a/cm?) appeared in a cluster or region of the order of a
square millimeter. This cluster moved at 1 to 10 m/s by for-
mation of new and extinction of o0ld microspots which were
individually immobile. Typical average current densities of
the clusters were =2 to 8 x 10" A/cm?. Traces left on all
metals (except tungsten), after millisecond pulses, were in-

dividual round fused craters, =10~° cm?

10-2 to 10~} cm? total area. On tundsten the traces were

each, spread over

"barely noticeable".

True anode spots are generally still more damaging than
cathode macrospots, for two reasons: first, they produce for
a given current density roughly five to ten times higher net
heat loads; i.e. =20 V times the spot current density for
argon compared with ~2 to 4 Vv for cathode spots; second, un-
like cathode spots, the anode spots do not go away with
heating of the electrode. In continuous self-field thrust-
ers, anode spots are totally destructive and must absolutely
be avoided because they remain stationary. With sufficiently
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short pulses and/or magnetic fields strong enough to move
the spots, anode spots can possibly be tolerated in any
pulsed and in continuous applied-field thrusters, thus par-

ticularly on high melting (tungsten, molybdenum) electrodes,

X but still at the penalty of some erosion. Strong magnetic
Py

ﬁ fields, which through arc movement prevent the almost in-
' y . .

; stant destruction of anodes, are known to promote in arcjets

. the formation of anode spots where otherwise diffuse attach-
) ment may have been possible (cf. Schall?!y,

‘\,’

»

X

’ Electrode Erosion

- The limits of allowable electrode erosion will first of all
be set by thruster 1life requirements., Much lower erosion

i limits could be imposed by spacecraft surface contamination

' if the eroded material vapor can end up in the form of slow
| ions (e.g. by charge exchange) in the spacecraft vicinity
and deposit itself on charged insulator surfaces of the
spacecraft. This latter erosion limit is difficult to esti-

L e ol

mate in a general way, but all condensible vapors near a
spacecraft constitute a surface contamination hazard.

Lol ol TS

The allowable erosion, from the viewpoint of thruster life,
depends on the life requirements-- typically 1,000 to 10,000

'; hours for near-earth missions-- and the thruster design,
‘?

: type and size. Some typical numbers for a 10 N continuous
N self-field thruster (4kA, 1 g/s argon) for 3,000 hours life
{ (consuming 4.3 x 1010 C, 11,000 kg propellant) would be:

.

- cathode (W) anode (Mo)

s allowable erosion

bl weight loss (Wer), 9 50 250

N Wer/Coulomb, ng/C 1.2 x 10-° 5.8 x 10-°

¥ Wer/propellant weight 4.6 x 10-° 2.3 x 10-°

i This corresponds to a few millimeters per year (or the order
; of 10’ mm/sec) material loss from the faces of the elec-
al
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trodes exposed to the arc for that size and type of thrust-

»
>
Tt

er. Note that this is less than the normal vaporization rate
of tungsten at 3,000 K, and 1/2,000th of that rate at the
melting point (see Fig, 9). Thus, allowable current specific
erosion rates would be estimated at 1 and 6 x 10~ ° ug/C for
cathodes and anodes, respectively. Continuous applied-field
thrusters of the same size and thrust require =2 to 5 times

e R
ol
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less current and could therefore be allowed slightly larger

Y
X

L erosion rates per coulomb. Pulsed self-field thrusters tend

'J: to be larger for the same thrust (factor =5) and require .

gﬁ roughly 10 times smaller average currents (or coulombs);
therefore, they could tolerate roughly 50 times larger ero-

$i sion rates per coulomb (say on the order of 6 x 10-2 ug/C).

'K: The allowable erosion to propellant consumption rates could

Jﬁ: be roughly 5 times larger for the pulsed self-field thrust-
ers than for the continuous types (because of size differ-

%5 ence) .

&,

;f The possible erosion mechanisms for both cathodes and anodes

are

s
.
o

macro particle ejection (spitting) and massive vaporiza-

i{ﬂ&%
}

tion (boiling) from molten pools under macrospots

PR

J
Y - localized vaporization (boiling) at microspots

s N :

. - vaporization from larger molten surface areas (without
1% boiling or spots)

W -J i
'Zé - sputtering due to ion impact
‘-:. -
ﬁ; - continuous surface vapor loss due to excessive average

e surface temperature without melting.

>

,h: s a s

$\ With brittle metals (e.g. tungsten) there is, in addition,

‘- the possibility of cracking due to thermal fatigue.

.

-4 , . . X
:3 To prevent substantial overall vaporization at excessive av-

4'1
B! erage surface temperatures, the average electrode tempera-
o
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tures must be controlled by adequate cooling. Typical aver-
age temperature limits for three electrode metals, as dic-
tated by their vapor pressures, are given in Fig. 10. Gener-
. ally, the average electrode temperatures should be held be-
5 low those given for, say 1 mm surface loss per year to allow
for local overheating. This should be readily achievable
with anodes, but with cathodes the temperature given is too
low for effective thermionic emission, so that the arc may

“ -

concentrate itself and produce higher surface temperatures
in spite of radiation cooling.

"l S

Sputtering erosion of the cathode surface is at present ex-
pected to be a small effect compared with the dominant ero-
sion rates due to various types of spots. On the thruster
R anodes (unlike those of vacuum arcs), sputtering, if it oc-
curs at all, 1is expected to be of negligible magnitude,
since impact of high energy ions on the anodes is unlikely
here,

This leaves the various kinds of spots (and possibly foot-
points) as the major sources of erosion. Because of the
. scarcity of applicable data from thrusters, numerous other
' arc spot investigations have been cited above to indicate

the types of spots observed, the wide ranges of erosion
\ rates measured and some of the dependencies. However, it
must be remembered that none of the experiments cited, other

X,

than those with thrusters, are really applicable in terms of

the magnetic field, the electrode temperature, the gas flow
and the geometry, all of which can strongly affect the spots
and the erosion they produce. Only very few of those other
data cover tungsten and molybdenum electrodes.

Cathode erosion due to spot clusters was quoted (from Ref.

" 86) at 1 to 100 ug/C on copper, and was strongly pressure
dependent. For tungsten cathodes, spot erosion was indicated
to be less, with no numbers given. In other vacuum arc lit-
erature, erosion rates of 40 to 100 ug/C are typical for mi-
M crospot studies, mostly on copper.

——
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The few existing data on pulsed self-field MPD thrusters"!

give values of =~3 to 11 ug/C-- the lowest for argon, the
highest for hydrogen-- all with standard thoriated tungsten
electrode material. These last rates are roughly 100 times
larger than those estimated to be allowable for 3,000 hours
of thrusting life. Much lower erosion values (0.3 ug/C) have

been obtained recent1y92

with barium oxide doped tungsten,
even with hydrogen, but the life expectancy of this rela-
tively porous material at elevated temperatures remains to

be established.

For continuous self-field and applied field thrusters, there
are few accurate measurements, but it is known from various
life tests that the cathode erosion rates in well function-
ing self-field and applied-field thrusters were substantial-
ly smaller than the values given above. Indications from
electrodes with 50 and more hours (or abou: 4 x 10° Coulomb)
of life without failure are that cathode erosion in continu-
ous operation must be substantially below 0.1 pg/C or
t g/hour at 3,000 A, The few past life tests of such devices
confirm this. Vacuum arc-like microspots could hardly play a
major role at these low erosion rates.

The major cause of tungsten cathode erosion in continuous
thrusters is the droplet expulsion ("cathcde spitting") dur-
ing warm-up due to macrospots, for instance =10 to 30 mg
average per cold start for a 10 N laboratory thruster. Since
this is a statistically varying quantity with some uncer-
tainty and the steady erosion rates are expected to be on
the order of 102 ug/C (or 130 mg/hr at 4 kA), runs of many
hours are required to determine the steady state erosion

rates reliably.

The extremely low cathode erosion rates achieved with some
arc devices, e.g. the 760 hour life test19, are astonishing
when one considers the normal vaporization losses (Fig. 11)
and the fact that some cathode vapor, including that from

sputtering, is always involved in the cathode region proc-
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esses., It has been speculated80 that the same particles par-
ticipate in this process several times by being ionized and

then reattracted to the surface.

A serious life limiting process in cathodes could be the de-
pletion of thoria or other additives, which appears to have
terminated at least one life test after 560 hours’’. This is
difficult to detect in cathode sections after, say 50 hours
of life and may require long life tests for accurate deter-

mination and special provisions to counteract, if possible.

Anode erosion in MPD thrusters varies over wide ranges, but

there are only few accurate data available. Continuous sel f-
field thrusters must be operated at currents some safe mar-
gin below the onset or anode voltage rise regime, to avoid
rapid destruction. At the first sign of any onset phenomena
like spots, foot points and/or fluctuations, the current is
instantly turned off or reduced. With diffuse anode attach-
ment the anode erosion rates, if any, are so small as to be
difficult to detect. On the contrary, on cooled copper an-
odes some grey deposits (presumably of tungsten cathode va-
por) are observed, which would tend to build up rather than
erode the anodes.

Continuous axial applied-field thrusters generally have ro-
tating current spokes, and these will in some cases contain
spots moved by the magnetic field. This leaves traces, but
no accurate erosion rates are known to the author.

In summary, the erosion of tungsten cathodes appears accept-
able in the thermionic regime, as long as the additive (tho-
ria, etc.) remains present at the surface. For cooler cath-
odes (typical of present pulsed thrusters) and for frequent
cold starts, cathode erosion still appears excessive.

Anode erosion appears manageable with diffuse attachment
(i.e. far from onset conditions) and possibly also with
spots in pulsed and/or axial applied-field thrusters, using

high melting metals.
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Electrode Losses and Cooling

M The electrode losses are hard to separate out precisely be-

‘ cause of the complicated and interlacing energy transfer
§ mechanisms which occur at the electrodes, as was already
y briefly discussed. However, without attempting to resolve
§ all these still open questions, we will attempt to put down

a few orders of magnitude on the net heat loads and draw
conclusions on limiting permissible current densities and
By cooling capabilities.

For typical thermionic cathodes of continuous thrusters, the
0 net heat loads have been given above (from Ref. 79) as 1 to
5 W/A and 0.7 to 2 W/A for argon and hydrogen, respectively,
with the lower values applying to the higher current densi-
ties. Many other propellants fall somewhere in between. The

R P\ ]

net heat flux values ranged from 0.6 to 2.5 kW/cm? for argon
and 1.7 to 4.0 kw/cm?
and current density.

for hydrogen, depending on pressure

Ayt

Radiation cooling at the allowable temperature for long life
(2,800 K, with emissivity 0.35 for tungsten) removes only
about 120 W/cm?. Therefore, purely radiation-cooled cathodes

ka8 ol s

in continuous operation can be loaded only to about 50 to
100 A/cm?, a factor of 10 to 100 lower than the possible
& current densities, according to Refs. 79 to 81. As was the

-.v’

case in those experiments, the radiating area must be very

k- - Jr¥

much larger than the area of arc attachment. In a radiation
cooled thruster, the cathode will receive some additional
radiative heat load from the anode and other hot parts of

- o >y i
- '-lx

the thruster, If higher current densities than those given

- e
-

above are required (or unavoidable), additional cooling must
be provided. With a few propellants (e.g. H2, NH3, Li) this

0l e

can be done regeneratively. Otherwise, heat removal by sim-

& ple conduction or (for larger thrusters) by a liquid metal
. heat pipe must be provided.

.i For pulsed thrusters, the full available current densities
L4 of up to 2 kA/cm’ may be utilized with the duty cycle
[
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adjusted to allow radiation cooling. In pulsed thrusters at
present, the measured values of the net heat going into the
cathodes are much higher than for continuous thrusters,
amounting to about 15 to 20 V times the current, or about 15
percent of the total power for ammonia, and similar values
for hydrogen. This must be due to the high current densities
and low cathode temperatures, which lead to high cathode

fall voltages.

In any case, cathode cooling does not appear to present in-
surmountable problems if macrospots can be avoided.

The anode net energy input equation in simplified form as
given by Higel (assuming the total current beiny carried by
the electrons) is:

QA=J(va+5/2kTe+®o+v ) {(17)

conv

which must be removed by cooling. The first three terms on
the right are energies brought in by the electrons, while
Veconv 1s the normal (heavy particle) convective heat
transfer, and radiation from gas and cathode is neglected.

For liquid cooled copper anodes of continuous thrusters,
Va is =0 to 10 VvV, the upper value beiny applicable near
onset. With (5/2)kTe =~ 3.5 V, ® = 4.4 V and Veonv *~
2 vV, the net anode heat loads run from about 9 to 20 V times
the current, where the higher value applies to the interest-
ing performance points. With optimized high performance
thrusters, the values can run considerably higher.

If the anode is to be radiation-cooled, then the average
heat flux values and thus the average current densities are
quite limited. At the maximum allowable temperature for long
life, tungsten can radiate only about 120 W/cm2 and molybde-
num less than half of that. The effective emissivity of the
93 by

coatings or by fins on the metal which are more effective

anode can be increased by a graphite radiator fin
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the smaller the thruster. Still, except for very small

g P A R N
a2

..
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thrusters, the current densities on radiat.on-cooled anodes
will be limited to the order of =30 A/cm2

assuming 20 V anode loss.

of inside surface,

-~
v
Y

B

-

Regenerative cooling of anodes (at specific impulse values
in the MPD regime) is possible only with hydrogen or with
alkali metal propellants, notably lithium., In the latter

¥ case, the ideal anode operating mode wou.d be evaporation
195 and ionization of the propellant on the porous or wetted an-
é“ ode surface, resulting in increased ion current fraction,

reduced anode fall and utilization of part of the anode loss
energy. Otherwise, where higher current densities are re-

quired or desirable, additional anode cooling on larger

S 2 J&pz:

thrusters can be achieved with built-in heat pipes or with a

=

liquid metal convective cooling loop.
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MPD Propulsion Systems Choices and Problems

The choices and problems discussed here affect the perform-
ance and weight as well as the development and operating
cost of the whole system. The decisions require full devel-
opmental information on all the essential systems conponents
and on the mission of application, neither of which is
available now. Affecting these choices are, in addition,
currently unresolved essential questions, e.g. concerning
tank test validity and environmental acceptability.

Propellant Choice

This has been aptly called "a long chapter on a question to
which there is as yet no answer®, for reasons given above.
Therefore, since several recent papers discuss the choic-

538,“1,92 it will be treated briefly here.

The propellant choice affects the thruster, the system, the
spacecraft, the atmosphere environment and the operating
logistics. The thrust to power ratio seemed to favor heavy
propellants like argon, but now lighter mixtures like N2H,
and NH3 gain preference, which also are storable and may be
environmentally and logistically (N,H,) the most desirable
with still fair thrust to power ratios. Further thruster
tests and system/mission studies are needed for final

choices.

The regenerative cooling capability is minimal for most pro-
pellants in the MPD regime, except possibly for lithium and
hydrogen. Lithium could remove Ahge = 2.5 x 107 J/kg dur-
ing vaporization and heating, and hydrogen about 2.9 x 107
J/kg during heating (by AT =~ 2000 K) alone. Assuming for ex-
ample n = 0.30 and Ig = 30 km/s, the ratio

2n ¢ Ah

2
e

Regen. cooling power ReC

Input power c
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would approach =2 to 3% for these two propellants. This is
still very small but could suffice to cool some component of
a large pulsed thruster. For continuous MPD thrusters of the
250 kW class, this regenerative cooling capability would be
too small to be significant. For an arcjet in the 10 km/s
I regime with > 60% efficiency, the above ratio becomes
> 36%, which with proper design can be adequate for full re-
generative cooling.

Most other propellants have small to negligible regenerative
cooling capability for the MPD regime.

For storage weight and volume, the highly cryogenic, 1low
density propellants hydrogen and helium are of course the
worst. Helium has until recently not been considered at
all. Hydrogen may be acceptable for missioas requiring more
or less continuous propellant use from the beginning, suffi-
cient that the boiloff keeps the rest cold enough. In the
longer future, hydrogen may be produced in space from water
(where the oxygen is needed also) or from some other com-
pound.

The acceptability of cryogenic propellants generally will be
very dependent on missions and on future space storage fa-

cilities.

For possible propellant sharing with high thrust systems,

and of course for emergency thrust with insufficient or no
electric power available, hydrazene stands out. Hydrogen
also can give emergency thrust with still reasonable speci-
fic impulse.

Pulsed (Quasi-Steady) vs. Continuous Thruster Systems

We will discuss this choice first for the case of self-field
thrusters, since pulsed (quasi-steady) operation is now used
primarily with these thrusters, both by the University of

¥
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Tokyo for the space tests and by Princeton University and
JPL for ground testing. Subsequently, the differences in the
test and system requirements for AAF thrusters will be men-
tioned, although with these there is less need for pulsed

‘ﬁ systems. It 1is clear that the relative advantages of the
j pulsed systems are disadvantages of the continuous, and vice
3 versa. Therefore, the presumed advantages and disadvantages
- of the pulsed systems only will be discussad in detail, with
; subsequent discussion of the continuous s;ystems as neces-
53 sary.
;

Advantages of pulsed (quasi-steady) SF-MPD thrusters and
; systems are:

o

- They have potentially higher thruster efficiencies, es-

- 'l

pecially for average power levels below 1 MW, due to
lower electrode loss fractions and higher Reynolds num-
bers. However, some additional losses at the start and

PN AN

end of each pulse are to be expected.

- Higher specific impulse levels for the same propellants
at "onset" are also claimed but not yet explained.

)
h
¥

- Much easier, faster and less expensive preliminary ex-
r ploratory ground testing at low average power (low duty
b cycle) is possible for exploring the effects of sizes,
4
A power levels, geometries, propellants etc. Some reasons
0 for this are that heatsink models can be made from sim-
1 ple materials, vacuum pumps are relatively modest in
- size and the fiberglass vacuum tank is uncooled and non-
2 conducting.
~ Note however that these advantages no longer apply for final
%
S performance, cooling and life testing at full operating tem-
y perature and average power level.
‘
L
f - Large area melting on cathode during warm-up ("cathode
‘; spitting”) is 1less 1likely due to shortness of pulse
. (cf. Fig. 10).
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{t% - karly space testing with limited power and adaptation of

%:: the system for applications with different thrust and

4#‘; power levels become easier through changes of duty cycle

(pulse freqguency). However, special provisions (heat
Y shielding) are necessary for bringing the thruster to a
f representative temperature.

H

1

! - The pulsed system is more suitable for attitude control

of moderate-size structures.

Disadvantages of pulsed systems are:

Bl
ey
i

The power processor is much heavier and more compli-

J,,

N

r

i&ﬁ cated.

o

R

- - With the propellant feed system, precise valve timing is
;ﬂ. difficult. The valve presents potential life/reliability
’§§~ problems (10" to 10° pulses are required for a typical
e application).

e

%" 1
P

- Cathodes, after heat-up, could be more problematical due

L o
1'a"a’a’e

to higher current densities.

= - g
L ek N I
L)

‘ - Vibration, thermal and mechanical fatigue problems are

5 to be expected in various system components.

bR,

4 J,‘:,W-

;ﬁ& - EMI effects on space craft are potentially increased,
)

oY as well as communication interference.

- In a ground test, the precise determination of perform-

ance, thrust measurement, tank pressure effects, mass-

el flow and erosion is more difficult.
e
@$‘ ~ Electrode effects are more difficult to study due to un-
» '
ﬂq known temperature variation during the pulse. Electrode
)
mkn and thruster performance and life evaluation are hardly
. possible with low duty cycle facilities and models, due
1¢g to unrealistic thruster temperatures and insufficient
‘.:‘ . .
t%{ total operating time.
o

3
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Thus, in summary, the pulsed self-field thrusters may offer
per formance advantages and are ideal for the preliminary
evaluation of geometry, scale and propellant effects on per-
formance. They are more difficult for precise performance
testing, offer no substantial advantage in final development

and life testing, and have definite systems liabilities.

2

By contrast, the continuous SF thrusters require more expen-

-

sive refractory or, for research, 1liquid-cooled models,

hence more time for exploratory work and very large vacuum

- -

facilities. They permit simple, precise experimental deter-
mination of all performance parameters and life testing over
. representative operating times. For early space testing,
they will require scaling down or the use of APU's or large

[

rechargable battery banks.

The applied-field (AAF) thrusters require in addition still

WE T v ¥ o ..

better vacuum (10’ mbar or below) and relatively larger

WL R IR

vacuum tanks to prevent wall interference. For pulsed test-
ing of AF thrusters, all metal tanks may present a slight
distortion of the fields, unless the applied-field is oper-
ated continuously. On the other hand, AAF thrusters can be

explored more fruitfully in smaller sizes and have less need
to be pulsed. !

o S

The final choice between pulsed and continucus systems must,
in the writer's opinion, await both further performance

Py
.

tests with SF and AAF thrusters and system application stud-
ies giving the weight and cost differences between the two
systems and the dry weight vs. performance trading factors.
Quite possibly, thrust and total impulse regimes (with cor-
responding applications) will emerge, for which pulsed sys-
tems may be preferable, while for much larger power levels
the continuous systems may predominate. The many years of
satisfactory service of the pulsed ablation thrusters indi-
cate their wusefulness for certain applications. These
thrusters, however, avoid the difficult propellant valve
problem of the pulsed (quasi-steady) MPD thrusters using
gaseous propellants.
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Ground Testing Problems

a
F G o B g

For the thruster sizes of probable interest here, that is,
with thrust of several Newton and power above 100 kW, the
huge vacuum pump capacity required is the dominating problem
of ground testing, both for continuous thrusters and for
pulsed ones at the full duty cycle. The vacuum required for
reliable performance testing is at least 10-3 mbar, accord-
ing to some sources (Cann39), and ideally perhaps as low as
10-" mbar, at least for Hall-ion thrusters. For self-field

2l A e

e

thrusters, 10-° mbar may be sufficient, according to our own
experience.

-t

P Table 3 shows some typical numbers of the pump capacities
needed for a 4.45 N (1 1lbf) thruster, with two typical gas-
eous propellants, argon and hydrogen. Roughly, this would
amount to 10 to 100 one-meter diameter diffusion pumps with
corresponding LN traps, valves and ducting, much larger than
most laboratories have at their disposal, except NASA Lewis
RC.

i

-

ey

: Table 3: Facility Requirements for 4.45 N (1 1bf)
- Thruster Test

} Thruster exit velocity

g Cq (km/s) or I, {kNs/kg) 10 20 30 40 50

\

; Electric input power 74 148 223 297 37N

A for 30% efficiency (kW)

. Propellant mass flow 4.45 [2.22 [1.48 [1.11 |0.89
. (kg/s x 10")

. Pump inlet volgme flow

ﬂ at 0.1 Pa (10~ mbag) 263 132 |87.8 [(65.8 (52.7

o) 288 K for argon, (m°/s)

.

| | J
| _ } -
. ditto, for hydrogen (m3/s) 5252 [2636 L1753 1314 |1052
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& Possible ways of dealing with this problem are:

[ 1. pulsed (quasi-steady) testing at low duty cycle

N

é 2. working with small (1/100th to 1/10tn scale) thruster

. models, especially with AAF thrusters

! 3. a combination of pulsed, small scale and full power
ﬁ ' tests, the latter with inadequate vacuum, to include
i all effects
3 .

4. use of condensible propellants and cryo-pumping.

$ As condensible propellants, the alcali metals (here Na, K or
'ﬂ Li) are ideal, since they even remove other gases present by
é gettering. For argon, xenon, neon and nitrogen, cryopumping
s’ is possible also at considerable expense; but helium, hydro-
? gen and therefore also ammonia, hydrazene and similar hydro-
§ gen-based propellants would be excluded. For the long range,

a safe method of chemically binding the hydrogen should be

developed, since NoH4 or NH3 may still be the preferred pro-
pellants.

L

For the near term it appears that the alternative (3), the
use of a combination of test procedures, will be the best

. RN
- |

approach, at least until it is more clear than now what pro-

& pellants, thruster types and sizes will be candidates for
@. full development. After some space testing experience and
j\ comparisons, it may be possible to relax the vacuum require-
f ments for many tests, particularly the expensive electrode
g life tests.

N

Other ground testing problems arise in connection with the
test tanks. For pulsed thruster testing at low duty cycles
and for very small continuous thrusters, non-magnetic, non-
conducting (e.g. fiberglass vacuum tanks) are ideal.

orebb eVl ¢

~o e
. X2 sal]

For the higher average power levels which are of interest
: here, the tank walls have to be cooled and should be non-
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magnetic (stainless steel or aluminum), especially for the
AAF thrusters. But with metal walls, some current flow
through the tank walls can occur, affecting their test re-
sults. Representative average power levels (duty cycles) and
longer run duration are necessary to get the thruster to
equilibrium temperature, both for performance and electrode
life reasons and to accumulate expectancy. This means that
for the AAF thrusters the metal tanks have to be very large
if wall interference due to discharge attachments are to be
avoided.

Space Testing Problems

Farly space testing of one or several thruster types will be
needed as a final proof of performance to select one type
for development. However, in the next ca. 5 to 7 years, the
continuous power levels available for such tests are likely
to be on the order of 25 kW or less, that is, lower than the
power levels of the thrusters to be developed for the large
structures of the 90's and beyond.

Pulsed quasi-steady testing in space with the available pow-
er, that is, with a low duty cycle, is the obvious first
choice, which was made by the University of Tokyo for their
Shuttle-based tests. The disadvantage is that a thruster de-
signed for higher average power levels will not reach its
full operating temperature and therefore will give only lim-
ited information on its full power performcnce and electrode
life. There may be ways to circumvent this by artificially
reducing the radiation cooling of the thruster (e.g. with
radiation shielding). Full power testing for a few minutes
(sufficient to reach equilibrium thruster temperature) using
an APU or a bank of rechargable batteries may be considered
with the Shuttle.

Electromagnetic interference (EMI), especially with pulsed
operation and with some propellants, and spacecraft (solar-
cell) contamination problems will of course have to be dealt
with.
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4 Other Thruster Design Problems

N

2y

'? Some of the other thruster design problems include:
3

R 1. seals and allowance for differential expansion

2. insulators, including their cooling

3. general materials compatibility of the components with

the propellant and with each other

o e s S

4, physical integrity under repeated heating and cooling,

"’

thermal shock resistance, creep

o
-

5. possibly high temperature (=2000 K) heat pipes, if

i

needed, e.g. for cathodes

g

P For the insulators, there are very few choices considering

; physical stability, compatibility with the refractory metals
at temperatures above 2000 K, and electrical resistivity.

fi Since the insulators are difficult to cool, they should be

3 protected from direct contact with the plasma.

Some experience can be drawn from nuclear, notably incore
and out-of-core thermionic and high temperature gas-cooled
reactor projects where similar materials and design problems

arise.
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Key Problem Areas to be Resolved for Successful
MPD Propulsion Development

The Plasma Acceleration Efficiency Problem

It was mentioned that electrostatic ion acceleration is bas-
ically most efficient, potentially 100% for the acceleration
process alone, since no energy is expended until the parti-
cle moves, and then only charge times potential drop. This
is somewhat equivalent to the idealized piston engine (or
Catapult piston) which is ideal for accelerating something
from rest.

By contrast, a single Faraday J x B channel has a relatively
poor efficiency accelerating a gas from rest to the final
(E/B) velocity, similar to a DC shunt motor or a turbine,
which are poor for acceleration from rest. Demetriades and
Ziemer in Ref. 94 quote 40% efficiency limit for a channel.
The DC motor can be improved by applying a variable voltage
during acceleration (always close to the "back-emf"), and
the channel can be similarly improved by subdividing into
segments with different E/B values., The Hall-accelerator or
Hall channel should be one step closer to the ion engines if
one could succeed in achieving really high values of the ef-
fective Hall parameter (wete), i.e. if one could really

suppress the electron current. Sutton and Sherman?’

quote
60% for wete = 4. The theoretical 1limiting efficiencies
of accelerating a plasma from rest with a moving (expanding)
magnetic field (like the pulsed inductive thrusters or trav-
elling wave channels) should basically be higher than that

of the single Faraday channel.

The self-field thruster is basically a Faraday channel with
a magnetic field which drops to 2zero at the last current
line and has variable cross se .’'onal area, particularly for
the external accelerating region. Kinga“ calculates stream-
tube efficiencies up to 65% (at 1500 sec) with a one-dimen-
sional ideal gas model (constant cross section, constant
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# conductivity) for equilibrium argon, and can show efficiency |
ﬁe improvements with a variable cross-section geometry. Hall
_h effect or electrode losses are not included, and the upper
I efficiency 1limit would lie in the "onset"™ region, hence
{: would not be experimentally realizable.
. These simple model calculations generally postulate constant
ﬁ - transport properties and neglect electrode and frozen flow
% losses (as well as limits imposed by Hall parameter, anode
:‘ starvation, etc.), so that the performar ¢ attainable in |
' practice must be much lower.
| To this writer, it appears very important that the basic
ﬁ possibilities for improving plasma acceleration efficiencies
. be investigated. Specifically, investigations should be con-
S ducted to find out what would theoretically be possible,
ﬁ e.g. with staged acceleration (several different voltages)

and/or devices designed specifically for staged thermal fol-
- lowed by electromagnetic acceleration; this to find the
. ideal fluid MGD acceleration efficiency limits and the cor-
;% responding geometric field and discharge configurations,
A5 even if these are not realizable in practice.
by
R Next, the three-dimensional and Hall effects must be inves-
;5 tigated, as well as discharge limitations and instabilities
X (see below) which may prevent the reaching of high perform-
ﬁ ance regimes., Concerning these latter problem areas, the
f open questions posed in the following paragraphs need to be
W answered.

Midstream Flow-Discharge and Acceleration Processes

Is a uniformly distributed (rotationally symmetric) dis-
charge possible-- provided the electrodes permit this? Under
what conditions does the arc in midstream contract itself
into spokes or filaments (e.g, due to excess mass flow, in-

oSN

-

sufficient mass flow or only due to electrode spots and
jets)? (This can probably not be experimentally investigated
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%ﬁ tor the midstream alone, since contraction may simultane-

‘fg ously occur at the anode at least.)

a8 Is there an inherent maximum current to mass flow ratio or

1?; (J2/M)max for the midstream (a) for hydrogen and (b) for

éf multiply ionizable substances for each level of ionization?

?

.i Under what conditions is a flow-discharge stable (a) as a .
XA filament and (b) as a distributed discharge, with and with-

3; out external magnetic field? wWhat effect does instability

b and resulting turbulence have on the transport properties in '
" case (b)? Specifically, what is the reason for the generally

3A observed unexpectedly low Hall currents-- filaments or tur-

?% bulence?

o

C What are the possible and, under each set of conditions,

iﬁ prevalent mechanisms of plasma acceleration? In particular,

fos is the acceleration of neutrals, i.e. the use of a partially

ionized plasma, desirable (from an efficiency viewpoint) and
under what conditions 1is acceleration of neutrals (e.g.
through electron-neutrals collisions) appreciable?

What are the 1limiting relationships between the applied
voltage and the attainable exit velocity, if any?

;}L;
)
h \l
B The midstream acceleration and arc stability problems will
% have to be attacked primarily theoretically, probably still
s..
K)

with simplified models as in the past, since complete numer-
ical solutions of the conservation equations for the MPD
flow-discharge appear not yet in sight. Key experiments to
cross-check the results from the analytical models should

ol
.

M X

then be carried out. Some of these experiments can be

r

planned immediately, including the critical experiments with

: i
5. hydrogen suggested by Cann to test the minimum voltage theo- i
vﬁ: rem. The observation of the appearance and movement of cur- i
:ﬁ rent "spokes" and possibly resulting current distribution
; measurements could also begin immediately for all types of ;
:5 thrusters, as a continuation of such work previously done

]
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with AAF thrusters. The detection of spokes is easier with
AAF thrusters—-- by means of magnetic pick-ups-- since in the
AAF thrusters the spokes rotate with clearly defined fre-
quencies., This must be done early to determine whether and |
in which cases it is still meaningful to work with flow dis-
charge models assuming rotationally symmetric (circumferen-

tially uniform) current distributions.

Once suitable models have been formulated and flow cases
calculated, measurements of critical variables to check the
accuracy of these model calculations must be carried out.
One example would be the continuation of the spectroscopic
{Doppler shift) jet velocity measurements carried out ear-
lier at the DFVLR Stuttgart and elsewhere. Particular em-
phasis should be placed on velocity as well as current dis-
tributions {(including ringcurrents) along the outer dis-
charge and jet of AAF MPD thrusters, to settle the unan-
swered questions of Hall currents or magnetic nozzle effect
along the plume. The quantitative degree and effects of flow
ingestion of tank gas must be evaluated, perhaps with tracer

substances.

In formulating and planning such an extensive experimental
research project, the costs and expected final results must
be weighed against the same for earlier space tests which,
while not clarifying all the detailed mechanisms of the tank
effects on the thrust, will give the net effect on thrust
Ig and efficiency by comparison with tank tests in various

facilities.
In any case, however, the earlier experiments to determine

the effect of the tank pressure on the measured thruster
per formance will have to be extended to all thruster types.

Electrode Phenomena

On hot (refractory metal) cathodes, is an ostensibly spot-

free emission possible, and up to what current densities?
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Under what conditions (quantitatively) does the arc contract
itself to macro-spots, i.e. what determines the transition
from distributed micro-spots {or diffuse emission) to macro-

spots or the reverse process, e.g. during warm-up?

How can destructive macro-spots be avoided or minimized dur-
ing warm-up? What are the current densities and local heat
loads of macro-spots, as a function of propellant density
and type and cathode material and temperature? Does pulsed
(quasi~-steady) operation have a basic advantage during cath-
ode warm-up?

What are the quantitative erosion rates due to sputtering
and microspots on hot refractory metal cathodes as a func-
tion of propellant type and density and current density?

This is the basic cathode life limit question.

What are the cathode heat loads as a function of cathode and

propellant materials and operating conditions?

On hot refractory metal anodes, does a truly continuous arc
attachment (without micro-spots) exist for a technically
smooth surface? What are the fall potentials and the total
heat loads with ostensibly smooth attachment as a function
of propellant type and anode materials and the operating
conditions? What are the resulting current density limits
for radiation-cooled anodes? Can thecse values be influenced
by the anode construction and propellant transpiration?

Under what conditions (propellant to current density ratio)
does transition to macro-spots inevitably occur on anodes,

assuming adequate cooling?

The electrode studies will have to be predominantly empiri-
cal, supported by calculations with theoretical models. The
models consist of the arc portion near the spot, which is
examined for its stability and the heat penetration into the
electrode, giving the size of the molten pool and the local

vapor production.




These spot calculations, as well as the corresponding exper-

iment.al measurements, must be carried out for materials,
temperatures and ambient gas densities applicable to MPD
thrusters, i.e. refractory metals both cold (for start-up)
and near their allowable operating temperatures, at various
applicable ambient gas densities and compositions. Cur-
rently, a multitude of papers are published and congresses
held on cold copper electrodes under vacuum arc condition.
For the MPD electrode studies it may be necessary to plan
additional measurements of basic materials and properties
which are not readily available, e.g. of thoriated tungsten
and other refractories, at high temperatures, including the
effective work functions.

An important unknown currently is the diffusion or other mi-
gration of the thoria through current-carrying hot tungsten
cathodes and the thoria deprivation near the surface after
extended operating periods. The quantitative effect of the
thoria and the necessary concentrations for this effect
(i.e. the reduction of the effective work function) are re-
quired for theoretical calculations and meaningful inter-
pretation of experiments.

A new anode theory has to be developed, which describes the

anode phenomena adequately over the whole operating regime
and allows minimization of the anode losses.

Complete Thrusters

1. Do any applied-field configurations have a basic advan-
tage in the potential efficiency over steady self-field
thrusters, considering both midstream and electrode
losses?

2., Do the minimum propellant density limits at the elec-
trodes together with midstream limits impose basic lim-
its in J%/f or Js/h respectively, and thus on the at-

tainable specific impulse values?
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3. Are the Cann minimum voltage criterion and the thereby
implied massflow, Ig, and efficiency limits uncondi-
tionally valid or can these limits be exceeded or vio-
lated and, if so, under what conditions and which of
the underlying assumptions is not applicable?

4. Does pulsed (quasi-steady) thruster operation have any
basic advantages for anode and cathode cooling and with
respect to erosion during warm-up, apart from the known
efficiency advantage due to high power operation?

5. Based on (a) electrode limitations and (b) plasma ac-
celeration mechanisms, what are the optimal geometries
and propellant injection points for each thruster type
(SF and various AAF types?) For instance, for which
cases should the anodes be in the rear and have most of

the ion generation take place there?

6. What propellants appear optimal for each thruster type
and 1Ig range, independent of systems considerations
but including the thrust to power ratio influence in
transport costs?

7. Are there anticipated size/power limits or optimal siz-
es for purely radiation-cooled MPD thrusters on the ba-

sis of efficiency, cooling and weight considerations?

8. What are the best design configurations for resolving
the coil or permanent magnet cooling problem in AAF-MPD
and Hall-ion thrusters?

9. What are compatible material combinations for insula-
tors, electrodes, seals and other components for tem-
peratures around or above 2000 K and various promising
propellants?

.
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System Considerations

1.

Optimal specific impulse values for typical model mis-
sions and MPD-typical efficiency vs. 1I45 curves, as
well as other parameters (engine, power and propellant
system weights, etc.) are necessary. Also requisite are
acceptable minimum performance/maximum system weight
and cost combinations which will still make MPD propul-

sion preferable over ion or chemical systems.

Rough trading factors between system weights and costs

and different efficiency vs. Ig curves are needed.

The weight, cost and reliability penalties of pulsed
systems, of cryogenic propellants or other features
which would improve performance or thruster life must

be estimated.

The number of cold starts and warm-up cycles and the
propellant use distributions for typical missions are
needed for thruster and system life and propellant

storage consideration (if cryogenic).

The potentially acceptable propellants from the view-
points of spacecraft contamination, environmental im-
pact, logistics and availability must be selected to
minimize the necessary thruster performance and life
testing and system calculations and design studies.

Summary and Conclusions

The history of earlier research and technology development

work on plasma propulsion was compared with the parallel

larger effort on ion propulsion. Apart from the extreme the-

oretical and experimental difficulties inherent in all arc-

like discharges and plasma dynamics, it appears that the ad-

vance of plasma propulsion was held back by:
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e an initial lack of comprehension of these difficulties

* the large variety of possible thruster types and pro-
pellants, leading to diffusion of effort

* the lack of a clear-cut development goal in terms of
missions or available power supplies

* the rather limited funding considering the basic diffi-
culties

While at least the difficulties are much better understood
today, future research and technology efforts in preparation
for a development should benefit from the past experience.
Needed are a realistic appraisal of the difficulty and the
time and resources required for success, and careful plan-
ning and coordination of all efforts by someone with superi-
or overall understanding of the whole problem complex.

The most likely MPD thruster types for possible future de-
velopment were compared, together with general performance
trends, as well as the present uncertainties and lack of un-
derstanding of performance values and limits. No clear-cut
performance leader or other sufficiently certain criterion
for selecting any one thruster type at present was found.
The Cann-Bennet minimum voltage theorem was briefly re-
viewed. The highest specific impulse values at "onset",
achieved with pulsed and continuous self-field thrusters and
different propellants, appeared (again) to agree in their
trend remarkably well with the limits (i.e. the Alfvén ve-
locities at different ionization levels) predicted by the
theory.

Various system considerations for choosing between pulsed
and continuously operated thrusters, as well as various
thruster types and propellants, were reviewed. Pulsed SF
thrusters show definite advantages for preliminary develop-
ment (geometry, size and propellant selection), for perform-
ance at lower average power levels, in the required areas
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for radiation cooling and possibly in the electrode damage
during warm-up. These somewhat predictable advantages must
be weighed against as yet not fully known life (fatigue) and
system liabilities-- energy storage and power processing,
propellant valve, increased EMI-- and current performance
uncertainties.

The costs and other difficulties of reliable ground testing
for the final development of large MPD thrusters were re-
viewed and related to the propellant selection as an addi-
tional criterion besides the thruster performance effect
cited earlier. A preliminary suggestion for holding down
ground testing expenses was made together with a plea for
early space tests to remove ground test uncertainties, es-
pecially for the applied-field thrusters, prior to a final
selection of the thruster type to be fully developed.

Electrode design, erosion and cooling was reviewed, with the
conclusion that despite the vast accumulated empirical and
theoretical detail knowledge, the basic understanding of
certain essential stability problems (the spot formation)
was still insufficient for thruster design-- analogous to
the spoke formation and instabilities problem of the mid-
stream discharge. For large, simple, radiation-cooled
thrusters (without convect.ve or heat-pipe heat transport)
the radiation cooling was found to impose very definite av-
erage current density limits. For tungsten cathodes, a maxi-
mum of about 100 A/cm2 is allowed, a factor 10 or more less
than the T-F emission limit (for thoriated tungsten), thus
allowing this factor-of-ten increase in the current density
for pulsed operation. On molybdenum anodes, =5-7 A/cm? in-
side surface is believed to be a limit for radiation cool-
ing, much lower than values used on liquid-cooled copper an-
odes for research thrusters. Pulsed thrusters have somewhat
more margin for cooling, since (for the same average thrust)
their average currents are lower.

Present-day vacuum arc experiments and theory predict exces-
sively high cathode erosion rates at microspots far beyond
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previous AAF-MPD and arcjet life test experience. Cathode
erosion due to microspots and sputtering and its accurate
determination are considered major development problems for
MPD, especially self-field thrusters. With continuous
thrusters at least, this is aggravated by macrospot erosion
during warm-up.

In the last chapter, the presently unresolved questions are
reviewed, the answers to which appear necessary for a
rational, economical and successful MPD propulsion system
development. Some brief suggestions are given as to how
these could be attacked in the author's opinion.

Overall, plasma propulsion still appears to be an approach
worth pursuing for large space structures, though the cur-
rent reliable information on its potential performance,
life, system weight and cost appears insufficient to evalu-
ate its competitive position relative to chemical, ion and
other possible systems. With the recent advance in ion en-
gine performance in the 20 to 35 kNs/kg Ig range (or in
thrust-to-power ratio) the major advantages of plasma pro-
pulsion will have to come from system weight and cost, com-
pactness and reliability.

Prior to deciding on a development program or selecting one
thruster type for development, a major coordinated technol-
ogy program appears appropriate to determine reliably the
minimum performance attainable with each thruster type and
one or two "acceptable" propellants, the probable electrode
life potential achievable with development, representative
thruster and system weights and costs.

Simultaneously, system application studies should determine
parametrically system performance requirements, weights and
costs which would make plasma propulsion performance and
cost competitive, including the various trading factors.

In parallel, a concerted effort to resolve as far as possi-
ble the basic problems of MPD arc discharges and plasma
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44 acceleration, including electrode phenonena, should be made,
utilizing the advances of plasma dynamic theory and the ad-
i vanced computer codes developed in recent years. While the
technology and preliminary development programs should not
wait for the resolution of the very difficult plasma dynamic
i stability problems, any enhanced understanding gained could
materially assist the rational thruster development process.

AL

SN S MR

-
-

e wl e e,
LIS S e W S g

e I

BRI
o

3T NN WO Y, 03 YA Y L NEUOLCAMIUG A S, T IE LV X p OEONSRROAI T E
RSO AN D .‘:,t:?‘\!',j T T SR ,'fu""a-‘"a‘«‘ R AN T R R TN A, AT T O A SRR TR AR

2N TE
LR



Lt SR S Eadhaa L G S

N

2 94

b

oy

B Literature

H

ﬁk [ 1] Regetz, J.D., Terwilleger, C.H.

R "Cost-Effective Technology Advancement Directions for

Electric Propulsion Transportation Systems in

¥ Earth-Orbital Missions", in:

* Electric Propulsion and its Applications to Space

I Missions, Vol. 79, edited by R.C. Finke

v{ Progress in Astronautics, AIAA, New York, 1981.

(8

. [ 2] pailey, C.L. and Lovberg, R.H.

n "Shuttle to GEO Propulsion Trade Offs", -
KR AIAA/SAE/ASME 18th Joint Propulsion Conference,

i June 21-23, 1982, Cleveland, Ohio,

‘e AIAA Paper No. 82-1245, 1982 o
)

[ 3] silva, T.H. and Byers, D.C.

S "Nuclear Electric Propulsion System Utilization for

ﬁ Earth Orbit Transfer of Large Spacecraft Structures",
dﬁ AIAA/SAE/ASME 16th Joint Propulsion Conference,

$| Hartford, Conn., 1980,

,g also Byers, D.C.

' "Characteristics of Primary Electric Propulsion

" Systems" (see Ref. 1).

T =

205 [ 4] Auweter-Kurtz, M., Kurtz, H. L., Schrade, H. O.

0 "Optimization of Propulsion Systems for Orbital

N Transfer with Separate Power Supplies Considering

i Variable Thruster Efficiencies"™, AIAA Paper 85-1152,

oy AIAA/SAE/ASME, 21st Joint Propulsion Conference,

@ﬂ. Monterey, CA, 1985

o [ 5] Nerheim, N.M. and Kelly, A.J.

ﬁé "A Critical Review of the Magnetoplasmadynamic (MPD)

g Thruster for Space Application",

.) JPL Technical Report 32-1196 (1968) and NASA CR-93139.
N

:\ [ 6] cann, G.

¥ "State of the Art of Electromagnetic and Electrothermal
¥ Propulsion”, Vol., I and II, Technion Report No. 07-040,
43 Technion Corp., Irvine, 1977.

i« [ 7] niigel, H.

i "Zur Funktionsweise der Anode im Eigenfeldbeschleu- 1
1‘ niger," DFVLR-FB 80-30, 1980.

“

o [ 8] kriille, G. !
: "Continuous MPDA Development Status",

o I1I1Ird European Electric Propulsion Conference,

{&. Proceedings, DGLR Fachbuchreihe, Vol. 5,

;: K6ln, Germany, 1974.

)

5& [ 9] pomitz, St., Kosmahl, H.G., Ramins, P., Stevens, N.J.
A "Survey of Electromagnetic Accelerators for Space
=~ Propulsion,” NASA TN D-3332, March 1966.

l";".) 0 PR

OSNICLMO MO X ot X A AR L € OO, ot o A O T L L O A L N A o Ot A L LR AT T
i U LA A MR i WY J.‘A.ail_‘,,kliﬁ 'hAh,t',-i,\d‘a‘gh WA ARV, ,ﬂO‘ AN ,.,’ ,ﬁ AR AR ORI AGR M ‘\9‘ ‘|,5 S !“.,’“ﬂ' &




ta 95

X [10] clark, K.E.

4! "Survey of Electric Propulsion Capability",

! Journal of Spacecraft and Rockets, Vvol. 12, No. 11,
B November 1975, p. 641-654.

s [11] John, R., Bennett, S., Jahn, R.G.
Y "Current Status of Plasma Propulsion”,
f, AIAA 2nd Propulsion Joint Specialist Conference, 1966,
iy Paper 66-565.
i%‘_
[12] shadov, V.P., Porotnikov, A.A., Pilov, U.P.
e - and Kim, V.P.
M "Plasma Propulsion Systems: Present State and
$$ Development”, 30th IAF Congress, Munich, Germany,
- Preprint 79-06.

[13] zhurin, V.V., Porotnikov, A.A. and Shadov, V.P.
"Technological Processes in Electric Propulsion and

W Applications in the USSR",

Q} AIAA/DGLR 13th International Electric Propulsion
:§ Conference, San Diego, CA, Preprint AIAA 78-714, 1978.
S

2 [14] shadov, V.P. and Chowrin, S.K.

‘, "Flissige Starkstrommetallkathoden",

b Lecture in Stuttgart, Germany, 1979.

'-A

% [15] Kuriki, K., Morimoto, S. and Nakamuru, K.

V< "Flight Performance Test of MPD Thruster System",
W AIAA/DGLR/JSASS 15th International Propulsion

Conference, Las Vegas, NV, Preprint AIAA 81-0664, 1981.

[16] Tabata, J.

, "Electric Propulsion Activities in Japan",

) JSASS/AIAA/DGLR 17th International Electic Propulsion
Conference, Tokyo, Japan, IEPC 84-05, 1984

i [17] wallner, L.E. and Czika, J., Jr.

ﬁ& "Arcjet Thruster for Space Propulsion”,

ﬁ‘ NASA Tech. Note, D 2868, 1965.

R

o [18] Todd, J.P. and Sheets, R.E.

. "pevelopment of a Regeneratively Cooled 30 kW Arcjet
33 ) Engine," AIAA Journal, Vol. 3, No. 1, p. 122, 1965.
K}

o [19] John, R.R., Bennett, S. and Connors, J.F.

?2 "Arcjet Engine Performance: Experiment and Theory",
B AIAA Journal, Vvol. 1, pp. 2517-2525, Nov. 1963.

S [20] stuhlinger, E.

¥ Ion Propulsion for Space Flight,

gﬁ McGraw-H1ll Book Co., New York, 1964.

.

(21] Ellis, M.C.

"Survey of Plasma Accelerator Research", Paper 62,
— Proceedings of the NASA-University Conference on the
N Science and Technology of Space Exploration, Vol. 2,
National Aeronautic and Space Administration,
Washington, D.C., Nov. 1963.

DL/ \ ) g IRCAT e IR RN i
. LSRN Yo 2L ) ] oS . by )y » ) !
‘71'\3‘\“’»‘!'. MO A ‘3?“:: LU AT M e At {5 1 b ‘!k‘n, . N

e L N e ARV R



[22]

f31]

[32]

Dailey, C.L. and Lovberg, R.H.

"Large Inductive Thruster Performance Measurement",
AIAA/JSASS/DGLR 15th International Electric Propulsion
Conference, Las Vegas, NV, April 21-23, 1981,

AIAA Preprint 81-0708.

Lovberg, R.H., Dailey, C.L.

"A Lightweight Efficient Argon Electric Thruster”,
AIAA/JSASS/DGLR, 16th International Electric Propulsion
Conference, New Orleans, LA, Nov. 1982, AIAA Paper
82~192.

Byers, D.C., Rawlin, V.K.

"Critical Elements of Electron-~Bombardment Propulsion
for Large Space Systems",

Journal of Spacecraft & Rockets, Vol. 14, No. 11.

Masek, T.D., Ward, J.W., Rawlin, V.K.

"Economics of Ion Propulsion for Large Space Systems",
AIAA/DGLR, 13th International Electric Propulsion
Conference, San Diego, CA, April 25-27, 1978,

AIAA Paper No. 78-698.

Maecker, H.

"Plasmastrdmungen in Lichtbdgen infolge eigenmagneti-
scher Kompression",

Zeitschrift fir pPhysik, Bd. 141, pp. 198-216, 1955.

Jahn, R.G.
Physics of Electric Propulsion,
McGraw Hill Book Co., New York, 1968, p. 241.

Wienecke, R.
Zeitschrift fir Physik, Bd. 143, pp. 118-140, 1955.

Rowe, R., von Jaskowsky, W.F., Clark, K., Jahn, R.G.
AIAA/JSASS/DGLR, 15th International Electric Propulsion
Conference, April 21-23, 1981, Las Vegas, NV,

AIAA Paper 81-0687.

Suzuki, H., Kuriki, K.

"Effect of Insulating Anode Hood on MPD Arcjet

Per formance", AIAA/DGLR 13th Intern. Electric Prop.
Conf., San Diego, CA, April 25-27, 1978,

AIAA Paper 78-652.

Malliaris, A.C., John, R.R., Garrison, R.L., Libby,
D.RI
"Quasi~Steady MPD Propulsion at High Power",

Lien, H., Garrison, R.L.

"System Trade Offs for Pulsed MPD Thruster in Space
Mission Application”,

AIAA Paper 72-457.

BRI T R A A AL R St e



N 97

A [33] schrade, H.O., Auweter-Kurtz, M., Kurtz, H.L.,

h "Stability Problems in Magnetoplasmadynamic Arc

: Thrusters”, AIAA 18th Fluid Dynamics and Plasmadynamics
K and Laser Conference, Cincinnati, OH, July, 1985

' [34] King, D.Q.
: "Magnetoplasmadynamic Channel Flow for Design of
9 Coaxial MPD Thrusters”,
{ Ph.D. thesis, Department of Mechanical and Aerospace
' Engineering, Princeton University, 1981,

also available as MAE Report 1552.

¢

¢ [35] Rudolph, L.K., Jahn, R.G., Clark, K.E. and

' von Jaskowsky, W.F.

R . "Onset Phenomena in Self-Field MPD Arcjets",

‘ AIAA/DGLR 13th Intern. Electric Propulsion Conference,
San Diego, CA, April 1978,

" AIAA Paper 78-653,

also

Rudolph, L.K.

"The MPD Thruster Onset Current Performance Limita-

: tion", Ph.D. thesis, Nov. 1980, Princeton University,
s Princeton.

[36] Lawless, J.L., Subramanian, V.V.
1 "A Theory of Onset in MPD Thrusters",
Y AFOSR Report 83-033, 1983

f37] Boyle, M.J., Clark, K.E., John, R.G.
"Flowfield Characteristics and Performance Limitations
of Quasi~Steady Magnetoplasmadynamic Accelerators",

1 AIAA Journal, vVol. 14, No. 7, July 1976.

[38] Kuriki, K., Suzuki, H.
"Quasi-Steady MPD Arcjet with Anode Gas Injection",
in: see Ref. 1.

[39] Kriille, G.
"Zur Dynamik des axialsymmetrischen magnetoplasmadyna-
mischen Beschleunigers (MPD-Triebwerk) mit iiberlagertem
; Magnetfeld", DLR-FB-74-56, 1974,

. (40] Ruriki, K., Kunii, Y., Shimizu, Y.
) "Current Distribution in Plasma Thruster",
N AIAA 81-0685, April 1981.

f41) Kuriki, K., Uematsu, K., Morimoto, S.
"MPD Arcjet Performance with Various Propellants",
! AIAA Paper 82-1885, Nov. 1982,

[42] Mead, F.B. Jr., John, R.G.
: "Scaling Characteristics of MPD Propulsion”,
Electric Propulsion and its Applications to Space
Missions, Progress in Astronautics and Aeronautics,
Vol. 79, ed. by R.C. Finke, AIAA, New York, 1981.

| FI0 O™ 1,00y Ny Nty
AN DA U WUR AN A RO RO O A O, T 4, TN TN S R O IR,



=2 !

", ™ Ty
-_w

DB

DT IR
ey

43

(a4 ]

[45]

[46 ]

[47]

(48]

[49]

s, "q“‘t‘} " ‘_jl’.

98

Kaplan, D.I.

"Per formance Characteristics of Geometrically-Scaled-
Magnetoplasmadynamic (MPD) Thrusters”,

M.S.E. dissertation, Princeton University,

Princeton, NJ, July 1981,

Also available with R.G. Jahn as MAE Report 1492,
(Feb. 1982).

Moore, R.A., Cann, G.L., Galagher, L.R.

"High Specific Impulse Thermal Arc Jet Thruster
Technology”,

Report 5090-Phase Final. Electro-Optical Systems,
Pasadena, CA, June 1965.

Also available as AFAPL-TR-65-48.

Bennett, S. et al.
"Cesium Fueled MPD Arcjet Engine Performance",
AIAA Paper 65-296, July 1965.

Peters, Th.

"Bogenmodelle und Steenbecksches Minimum Prinzip”,
Proc. 5th Int. Conference on Ionization Phenomena in
Gases, Munich, Germany, 1961.

Alfvén, H.

"Collision Between a Nonionized Gas and a Magnetized
Plasma",

Review of Modern Physics, Vol. 32, 1960, p. 710.

Cann, G.L.
"Mechanisms of MPD Arcjet”,
Appendix III, AFOSR-TR~-75-1395, Aug. 1975.

Rudolph, L.K., Jahn, R.G., Clark, K.E. and
von Jaskowsky, W.F.

"Onset Phenomena in Self-Field MPD Arcjets”,
AIAA Paper 78-653, April 1978.

Kuriki, K., Suzuki, H.
"Pransitional Behaviour of MPD Arcjet Operation”,
AIAA Journal, Vol. 16, No. 10, 1978,

pevillers, P., Burton, R.L.
"The Importance of Alfvén’'s Critical Velocity for MPD
Arcs”, AIAA Paper 70-1069, 1970.

Baksht, F.G., Moizkes, B.J., Rybakov, A.R.
"Critical Regime of a Plasma Accelerator”,
Sov. Phys. Tech., pPhys., 18-12, pp. 1613-1616, 1974.

Yoshikawa, T., Kagaya, Y., Kuriki, K.
"Thrust and Efficiency of New K-111 MPD Thruster",
AIAA Paper 82-1887, Nov. 1982,

Burkhart, J.A.

"Exploratory Tests on a Downstream-Cathode MPD
Thruster”, Journal of Spacecraft and Rockets,
Vol. 8, No.3, 1971, pp. 240-244.

0 NS

; y . g ; ACUMLN 470
SNGHOIN h"':‘-“h‘!'a AP S~ “‘.‘“?'k‘q'. A'Q‘»"‘ I T P

¥y W% ¢

2 -
. 4:‘ X i.!'kta‘ii. “g“QQ N

eéi

)

“3’ ‘l ‘t ) ¥

o




b - . o T T W)
gg‘ 99

3 [55] Seikel, G.R., Connolly, D.J., Michels, C.J.,
0 Richley, E.A., Smith, J.M., Sovie, R.J.
! "Plasmaphysics of Electric Rockets",
a9 in: Plasma and Magnetic Fields in Propulsion and Power
[ Research, NASA SpP-226, 1969.
¢J]
Ve [56] Patrick, R.M., Janes, G.S.
o "Theoretical Modelling of Magnetoplasmadynamic
gﬂ Thrusters",
Ko r Paper presented at the Planning Meeting on Orbit
: Raising and Maneuvering Propulsion, AIAA Aerospace
jy_ . Sciences Meeting, Orlando Fla., Jan. 1982,
-
Wy [57] seikel, G.R., York, T.M., Condit, W.C.
{f. s "Roles for Magnetoplasmadynamic Thrusters in Orbit
iyl Raising Missions",
’ SciTec Report 8203, 1982.
ﬁu (s8] connolly, D.J., Sovie, R.J., Michels, C.J.,
(3 Burkhart, J.A.
"Low Environmental Pressure MPD Arc Tests",
1ad AIAA Journal, vol. 6, No. 7, July 1968, pp. 1271-1276,
[\
also
IR R ]
D)
> Sovie, R.J., Connolly, D.J.

"Effect of Background Pressure on Magnetoplasmadynamic
Thruster Operation",

o Journal of Spacecraft and Rockets, Vol. 7, No. 3,
March 1970, p. 255.

n
is [59] patrick, R.M., Schneidermann, A.M.
' "Per formance Characteristics of a Magnetic Annular
5 Arc", AIAA Journal, Vol. 4, No. 2, Feb. 1966,
h pp. 283-290.
J
s [60] cann, G.L., Harder, R.L., Moore, R.A., Lenn, P.D.
e "Hall Current Accelerator",
:E NASA CR-54 705, 1966.
:‘
My [61] Harder, R.L.
f* "Electromagnetic Acceleration of Ions in Axially
Symmetric Fields",

o AIAA Paper 69-111, AIAA 7th Aerospace Science Meeting,
New York City, N.Y., Jan. 20-22, 1969.

)
‘ »
g% . [62] Jahn, R.G.
"Design and Development of a Thermo-Ionic Electric
o Thruster",
Ay Interim Report SOS 055-968, Giannini Scientific
b Corporation, Santa Ana, CA, 1965.

[63 ] Hassan, H.A., Hess, R.V., Grossmann, W.

» "Study of Coaxial Hall Current Accelerators of Moderate
- Pressures”,
o NASA TN D-3286, 1966.

l Xy O
h'ﬁ‘ .l'w Wy ‘.0."' L “ e'..’c. Wy .‘ iy 'O.s.i‘:.bim l..\'i‘. ‘ 4 I' KN



[64] Bennett, S., John, R.R., Enos, G., Tuchmann, A.
"Experimental Investigation of the MPD Arcjet",
Preprint AIAA 66-239, 1966.

[65] Fradkin, D.B., Blackstock, A.W., Roehling, D.J.,
Statton, T.F., Williams, M., Liewer, K.

"Experiments Using a 25 kW Hollow Cathode Lithium Vvapor
MPD Arcjet"”,

AIAA Journal, vol. 8, No. 5, August 1970, pp. 886-894.

[66] Lovberg, R.

"Physical Processes in the Magnetoplasmadynamic Arc",
NASA CR-83891, 1967.

[67] Nakamura, T., Riedmiiller, w.
"Investigation of a Nonequilibrium MHD Plasma under the
Conditions of Fully Ionized Seed”,
Proc, 5th Int., Conference on Magnetohydrodyn. El. Power
Generation, Munich, Germany, 1971.

[68) Janes, G.S. and Lowder, R.S.
"Anomalous Electron Diffusion and Ion Acceleration in a
Low Density Plasma",
Physics of Fluids 9 (1966), pp. 1115-1123,

= P

o

22

[69] Schock, W.

$‘ "Diagnostics and Interpretation of the Electrical
3 Current Distribution in an MPD Thruster",

AIAA Paper Nr., 72-498, 1972.

[70] Beth, M.~U. and Kling, M.
"Spectroscopically Measured Velocity Profiles of an MPD
Arcjet", AIAA Journal 7 (1969), pp. 2181-2182,

[71] Connolly, D.J., Sovie, R.J. and Seikel, G.R.
"per formance and Diagnostics of a Water-Cooled
Magnetoplasmadynamic Arc Thruster",

NASA TN D-5836, 1970.

[72] Schreitmiller, K.
"Zur Theorie des Niederdruck-Hallbeschleunigers”,
DLR FB 70-71 (1970).

(73] k6hne, R., Lindner, F., Schreitmiiller, K., 1
Wichmann, H.G. and Zeyfang, E.
"Further Investigations on Low Density Hall
Accelerators”, AIAA-Journal 8 (1970), p. 873. R

(741 cobine, J.D.
"Gaseous Conductors",
Dover Publications Inc., New York, 1958.

[75] Finkelnburg, W., Maecker, H.
"Electric Arcs and Thermal Plasma",
Encyclopedia of Physics, Vol. XX1I, Edit. 5,
Fligge Springer Verlag Berlin, GSttingen, Heidelberg,
1956.




1

¥ 101

o

W [76 ] Ecker, G.

b "Electrode Components of the Arc Discharge",

0% Ergebnisse der exakten Naturwissenschaften,

KN Vol. XXXIII, p. 1, 1959,

¥ [77] Hoyaux, M.F.
"Arc Physics",

13 Springer Verlag Berlin, Heidelberg, New York, 1968.

k‘ [78] Lafferty, J.H.

. "Vacuum Arcs, Theory and Application”,

N - John Wiley & Sons, New York, Toronto, 1980.

o " .

12 [79] Higel, H. and Kriille, G.

L "Phanomenologie und Energiebilanz von Lichtbogenkatho-

5 den bei niedrigen Drucken und hohen Stromstarken",
Beitrdge aus der Plasmaphysik, Bd. 9, pp. 87-116, 1969.

3 [80] Cann, G., Harder, R.L.

kﬁ "Study of Electrode Attachment Regions in High Current

L Gaseous Discharges",

, Electro Optical Systems Report 3240-F, AF-AEDC-TDR,

Pl 1964.

ﬂﬁ [81] Bade, W.L., Yos, J.M.

- "Theoretical and Experimental Investigation of Arc

o Plasma Generation Technics",

. AVCO Technical Report ASD-TDR-62-729, Part II, Vol. I,

. 1962.

Y.t (82] Malliaris, A.cC.

Q "Phenomena in the Cathode Region of an MPD

39 Accelerator", AIAA Paper 67-47, 1967,

o [83] Guile, A.E., Jiittner, B.

) "Basic Erosion Processes of Oxidized and Clean Metal

& Cathodes by Electric Arcs",

M\ IEEE Transactions on Plasma Sciences, Vol. PS-8, No. 3,

Q pp. 259-268, 1980.

'\;

™ (84 ] Fursey, G.N.

by "Local Elementary Processes of the Formation and

Operation of Vacuum Discharges"”
5th Workshop on Electrode Phenomena, Berlin, GDR, 1982,

T

A

iy

o [85] Schrade, H., Auweter-Ming, M., Kurtz, H.L.,
N "Explanation of Arc Spot Motion by Means of
MPD-Forces",
— Proc. Tenth Int. Symposium on Discharges and Electrical
:, Insulation in vacuum, Columbia, SC, 1982.
L
" [86] zykova, N.M., Kantsel, V.V., Rakhovskii, V.I.,
o Seliverstvova, I.F., Ustimets, A.P.,
! "Cathode and Anode Regions in an Electric Arc I.
Cathode and Anode Regions at Low Pressures and in ;
b/ Vacuum", i
e Soviet Physics-Technical Physics, Vol. 15, No. 11, :
/7 pp. 1844-1849, 1971, |

&R LT GE R & - -~
(I SN e ,}-‘-).-‘\ “‘ﬂ\\.'-\ .
U O T T AR O A ™ S * o, 0" W 'y



%,

[87]

(88]

(89]

[90]

[91]

[92]

93]

(94]

(951

102

Hall, L.S.
"Thermoelectric Effects in a Joule-Heated Plasma",
Phys. Fluids 7 (1964), pp. 425-427,

Bez, W., HOcker, K.H., Mayser, B.
"Der Anodenfall in Niederdruckentladungen",
Annalen der Physik 18, 1956, pp. 335-344.

V. Engel, A.
"A Theory of the Anode Fall in Flow Discharges”,
Phil. Mag. 32, 1941, pp. 417-427.

Miller, H.C.

"Discharge Modes at the Anode of a Vacuum Arc",

Proc.: Tenth International Symposium on Discharges and
Electrical Insulation in Vacuum, Inst. of Electrical
and Electronics Engineers, Inc., 1982, p. 142.

Schall, w.

"Untersuchung kalter Anoden in Niederdruckbdgen mit
iiberlagertem Magnetfeld",

DLR FB 73-74, 1974.

Kuriki, K., Shimizu, Y., Morimoto, S., Kuwahara, K.,
Kisaragi, T., Uematsu, K., Enya, S., Sasao, Y.

"MPD Arcjet System Performance Test",

IAF Preprint 83-392, 1983.

Esker, D.W., Kroutil, J.C., Checkley, R.J.
"Radiation Cooled MPD Arc Thruster”,
NASA CR 72557, 1969.

Demetriades, S.T., Hamilton, G.L., Ziemer, R.W.,
Lenn,P.D.

"Three Fluid Nonequilibrium Plasma Accelerators”,

in: Stuhlinger, E., ed., "Electric Propulsion Develop-
ment", Progress in Astronautics and Aeronautics, vol.
9, Academic Press, New York and London, 1963.

Sutton, G.W., Sherman, A.
"Engineering Magnetohydrodynamics"”,
McGraw-Hill Book Co., New York, 1965.




", ] e
IR SRR A RN T

' L]



