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ABSTRACT

A steady state acceleration phase has been shown to
occur in a coaxial electrode geometry during the synchro-
nized application of tailored pulses of masé flow and cur-
rent. This diffuse discharge form, characterized by a
Stabilized current distribution, constant voltage and cur-
rent, and a steady argon mass flow rate of up to 50 g/sec,
is of considerable interest as both a pulsed thruster and
as a simulator of the self-field MPD arcjet over a power
range from 100 kW to 100 MW, Terminal voltage measurements,
taken over a wide range of pdwer and mass flow rate, are
sufficiently precise to allow discrimination among several
theoretical models of the acceleration process. Kerr-cell
photographs and experimental.maps of the current distribu-
tion in the exha%ft plume and interelectrode region clearly
show the rapid transition to this steady configuration, as
well as characteristic arc Séhavior for mass starvation and

mass overfeed.
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CHAPTER 1
HISTORICAL BACKGROUND

Early pulsed plasma accelerators were extensively
studied, initially as plasma injectors for thermonuclear
machines [1] and later as space propulsion units [2,3].

In both applications, a large current was passed through a
discharge chamber generating a self-magnetic field suffi-
ciently strong for the resulting'; X E body force to accel-
erate the ambient gas to a velocity in excess of 104 m/sec.
Although various electrode geometries were used, such as
parallel rail, parallel circular disc, or coaxial tube con-
figurations, the sequence of electropagnetic interactions

was essentially thg same. Namely, a c¢apacitive energy source
at a high voltage was abruptly switched across the electrodes,
which were separated by an insulator wall and an enclosed gas

2 _ lOltorr. The subsequent electrical

at a pressure of 10
breakdown of the gas was in the form of an intense sheet of
current which represented primarily an inductive load to the™
power supply. This current sheet was initially located at that por-
tion of the interelectrode gap which offered the minimum load

to the power supply for that particular geometry. The force

resulting from the interaction of this current sheet with



its trapped self-magnetic field then accelerated the sheet
into the remaining undisturbed gas imparting to it some
fraction of the sheet velocity.

As part of a broad study of the fundamental processes
of plasma propulsion, this laboratory has examined acceler-
ating discharges of this type in a variety of configurations
and energy ranges. One early aspect of this program was the
study of the structure and dynamics of a propagating current
sheet in a linear pinch discharge [4-8]. Although this closed
chamber configuration did nét simulate a useful thruster per
se, its demonstrated reproducibility and accessibility to
diagnostic equipment made it valuable in the study of the
plasma generation and acceleration phases of pulsed plasma
propulsion. In this configuration, the electrodes were par-
allel circular discs, and the initial breakdown took the form
of a thin band of current at the insulator wall. This well~
defined zone subsequently imploded radially generating an
intense plasma column upon its arrival at the chamber axis.

In addition to the generation and acceleration of the
plasma to a high velocity, the processes attending its ejec-
tion from the pinch chamber were also studied. When a largeﬁx
orifice was cut into the anode and the entire chamber mounted
within a vacuum tank, it was observed that while the main
body of‘the current sheet propagated radially inward unaf-
fected, the anode attachment diffracted out through the ori-

fice and traveled radially outward along the outside face of



that electrode [9]. This diffracted plasma front propagated
axially as well with a velocity comparable to the initial
radial speed of the sheet. A comparison of the current con-
duction paths for both closed and open configurations is
shown in Fig. 1-1. The large double arrows in this figure
represent the direction of the E‘x.g force and the consequent
direction of sheet propagation.

In the interests of a better simulation of space con-
ditions, the usual gas prefill to a given operating pressure
was replaced by a dynamic system wherein a puff of gas was
released into the discharge chamber at the time of electrical
power application. In this way, the associated vacuum vessel
was maintained at a pressure several orders of magnitude
lower than the chamber pressure, and the plasma ejection
process proceeded in a more realistic environment.

The resulting discharge was considerablf more diffuse
outside the pinch chamber and propagated further out into the
low pressure environment for the same current pulse. Since
this current pattern continued to propagate for tﬁé lifetime
of the pulse, it may be reasonably asked whether protracted
pulse times would result in continued propagation or whethex
this current pattern extension would eventually cease. In
order to answer this question, the power supply was altered
from one which initially consisted of many capacitors con-

nected in parallel around the discharge apparatus to one in

which several series-parallel combinations of capacitors were
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utilized. By systematically varying the inductance between
adjacent series units, a variety of protracted current wave-
forms was available [10,11].

When this alteration was made, it was found that for
sufficiently long current pulses, the previously described
process of discrete current sheet propagation was followed
by a transition to a steady, more diffuse current conduction
pattern [12]. This steady phase, which typically was achieved
some tens of microseconds after breakdown, displayed essen-
tially unchanged terminal voltage and current characteristics
while continuing to provide a stream of accelerated gas over
the entire pulse duration. Such a spontaneous transition
strongly suggested that the pulsed plasma acceleration pro-
cess was simply an initiation phase or "switching transient"”
on the steady flow acceleration pattern eventually established
in the same geometry, and that much of the micfoscopic scale
acceleration and carrent conduction mechanisms were common
to both phases.

Detailed maps of the current distribution throughout
the discharge chamber and exhaust plume during this stabi-
lized phase closely resembled those believed to exist in thes
magnetoplasmadynamic (MPD) arcjet. This latter device is a
coaxial steady state accelerator which has recently displayed
a high potential for space application as a primary propul-
sion unit [13-17]. However, despite this promise, the MPD

arcjet is not well understood at the present time due to



complexities of reasonable analytical models and to a lack
of diagnostic information on the discharge structure-—an
environment sufficiently hostile to preclude most standard
steady-state probing techniques.

The possibility therefore exists that a pulsed plasma
accelerator with aﬁpropriate mass flow rate and electrical
power inputs can be operated on a time scale sufficiently
long for the pulsed discharge to stabilize and achieve the
essential characteristics of the steady state MPD arcjet
over & broad range of input power level. Then, because of
the overall transient nature of the quasi-steady discharge
and the resulting negligible probe heating, it would be
possible to perform self-integrating diagnostic measurements
on the exhaust plume and interelectrode regien of the simu-
lated thruster and relate these results to the steady state
operatien.

An additio;al motivation to & pulsed MPD experiment
of this type follows from estimates of projected power con-
sumption of electric thrusters for future space aéplic&tionss
For manned missions to the near planets, the optimum electric
power level is in the range from 1 to 10 Mw [18-20], i.e.,™
currents from 104 to 105 A, an operational regime well be-
yond that available to steady state experimentation. 1In
sfeady operation, the maximum pewer is limited to several

hundred kilowatts, i.e., currents up to about 4,000 A, by

power supply, gas handling, and heat transfer considerations.



It is conceivable that the electromagnetic processes which
prevail in MPD thrusters in the multimegawatt power range
could be considerably different from those observed in the
lower power devices, and accordingly they should be examined.
Since quasi-steady operation is possible with power levels

up to 100 MW or mofe, it would be possible to determine the
details of the gas acceleration processes, current conduc-
tion patterns, and electrode loss mechanisms for accelerators
approximating the desired high power devices as well as those
common to low power steady state operation.

Yet another motivation for developing a quasi-steady
plasma accelerator is that the "long pulse"” mode of operation——
one in which steady acceleration processes prevail over the
bulk of the pulse time—may itself be an attractive space
thrusting technigque. Whereas purely pulsed plasma thrusters
appear to have an efficiency ceiling near 50 pércent [21]
(directed kinetic ;nergy compared to total input energy),
there are some indications that the corresponding efficiency
for quasi-~steady propulsion may be considerably higher. First,
the observed trend in MPD arcs is toward greater efficiencies
‘as the input power is increased. Although these data have -
been limited to the narrow range of power levels accessible
to steady state experiments, say 10 to 300 kW, the trend may
be expected to continue to greater power levels to the extent
that it is based on the division of electrical input power

to the working fluid. This power must be divided between



that necessary to ionize the inceming preopellant, that which
goes into other internal modes, and that which goes directly
into organized streaming energy. From these, useful thrust
power is only obtained from the latter category plus that
part of the internal energy which can be cenverted into di-
rected kinetic energy by expansion in a real or magnetic noz-
zle (in all probability just the randem thermal component).
If the mass flow is fixed, then as soon as the propellant
is completely ionized, additional input power must go inte
either of the other two modes. In the limit of very high
input power, the ionization power becomes negligible and
all the power is divided between internal and streaming
energies. If the trend observed in the division of these
two energies in the steady experiments for currents up to
4,000 A is sustained for currents up to 100,000 A, the re-
sulting overall eﬁficieney can be very high. |

Although space power supplies producing tens of kilo=-
watts of usable power appear to be the only available systems
in the near future, access to this high power, hiéh effi-
ciency regime is still possible by utilizing quasi-steady
pulsing. With the necessary energy storage link between
the steady electric power source and the thruster, the ad-
vantages of intermittent high power thrusting can be com-
bihed with a modest average power consumption by simply con-
trolling the duty cycle.

The following chapters will first describe the genesis



of quasi-steady acceleration from both steady state MPD arcs
and early pulsed plasma accelerators by presenting the oper-
ational characteristics and particular complexities of each
class of thruster. In this way, the relevance of later data
to the propulsion problems previously outlined will be more
apparent. Subsequént chapters will present design consider-
ations and their proper implementation leading to a quasi-
steady accelerator capable of operation over a large range

of mass flow rate and power.
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CHAPTER 2
THE MAGNETOPLASMADYNAMIC ARCJET

I. INTRODUCTION

In the past several years, consideration of in-
creasingly ambitious space missions requiring progressively
higher specific impulse propulsion systems has fostered the
development of a variety of electric propulsion concepts.
Initially, emphasis was primarily on the attainment of high
propellant exhaust speeds at high electrical conversion ef~
ficiencies, with little concern about the low thrust densities
characteristic of devices of this family. However, optimum
prime propulsion units for deep space missions must combine
high specific impulse with reasonably high thrust densities
as well. The magnetoplasmadynamic ércjet is the first elec~
tric thruster to show promise of this desirable combination.

The potential capability of this new thruster is
perhaps best illustrated by casting it on a diagram display-
ing the specific impulse and thrust density (i.e., thrust pe;\
unit exhaust area) attainable with various familiar propulsion
devices (Fig. 2-1). In the upper left corner are found the
conventional chemical rockets of high thrust but low specific
impulse; in the lower right corner reside the electrostatic

ion engines and the less well developed pulsed plasma thrusters
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which provide very high specific impulse, but low mean thrust
density. Our interest here is in the accessability of the
upper right domain where both specific impulse and thrust may
be optimized for given missions.

The solid-core nuclear thermal rocket takes a step in
this direction in providing specific impulses up to 800 sec
at thrust densities comparable with chemical rockets. Pro-
jections for proposed liquid- and.gas~core nuclear rockets
extrapolate further into the desired domain. Operational
electrothermal systems, such as the arcjet and resistojet
provide specific impulses comparable with the nuclear rockets,
at one or two orders of magnitude less thrust density.

The desired domain of high specific impulse and sub-
stantial thrust density was first attained in the laboratory
by a class of steady-flow electromagnetic plasma thrusters
wherein an externailly applied magnetic field aéted upon cur-
rents driven through an ionized propellant stream to provide
the desired acceleration. Data from laboratory tests Qf
these devices included thrust densities of 10 lb/in2 at
specific impulses from 2,000 to 3,000 sec [22], but was
attended with such severe material erosion problems, and in;\
volved such massive auxiliary equipment for cooling, magnetic
field generation, and preionization of the gas flow, that
little space propulsion application could be visualized.

Prior to 1964, no feasible candidate for a space

thruster capable of operation in the desired range of Fig. 2-1
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existed. At this time, however, experimentalists stumbled
upon a thruster concept which combined certain elements of
both the electrothermal and electromagnetic thrust mecha-
nisms, to produce better performance than either mechanism
alone. The capability of this thruster, which has generally
become designated és the magnetoplasmadynamic or MPD arcijet,
has yet to be precisely catalogued. However, recent experi-
ments indicate its operating regime to be approximately that
shown in Fig., 2-1, i.e. specific impulse comparable to that
of the ion engine but thrust density values at least three
orders of magnitude greater. It will be subsequently shewn
that this performance improvement is accompanied by unique
problems which have lead to substantial data discrepancies,
to an absence of definitive diagnostic experiments, and to
a coensequent lack of analytical formulation. Nevertheless,
the magnitude of the initial performance increése of the
MPD arcjet over 6;her electric propulsion schemes is suffi-
cient to warrant a continuing effort in order to resolve
these problenms. |

This chapter is not meant to be a complete review
or catalogue of MPD arc operating characteristics since
these exist in the literature [23+25]; instead, its intent
is to provide a familiarity with the chronological develop-
meht, operational idiosyncrases, and postulated thrust
mechanisms and analytical models of the MPD arcjet. Within

this framework, later chapters describing the results of
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the present pulsed experiments can be apprepriately related

to the associated steady state phenomena.

I1. EARLY OBSERVATIONS

The MPD arcjet was a by-product of experimental
efforts to extend the operating regime of the conventional
thermal arcjet, a device that itself was being developed to
exceed the specific impulse level of chemical rockets by
circumventing the limitation imposed by the energy content
of the combustible propellants. Typical of the variety of
thermal arcjets is the radiation-cooled thruster shown in
Fig. 2=-2 [26]. In this engine, an arc is struck between
the central cathode and the diverging anode nozzle, and is
constrained to pass through the short constrictor channel.
The tangentially injected propellant is heated by both the
arc and the thruster walls and in turn stabiliies the arc
filament while maintaining the thruster walls at a tolerable
temperature. The specific impulse for this 30-kW engine
ranges from 1,000 to 1,500 sec for hydrogen propeilant with
an overall energy conversion efficiency of up to 45 percent.wk
The upper value on séecific impulse attainable in this de=-
vice and in others like it is established by the thermal
limitations of the tungsten electrodes, and of the other
material surfaces. Yet, there is considerable motivation
to operate thrusters of this class at substantially greater

power density, since any additienal energy input beyond that
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required to ionize and dissociate the propellant will go
directly into randem thermal modes, most of which can be
converted to kinetic energy in the nozzle. However, at-
tempts to operate in these higher power regimes were accom-
panied by frequent burnouts at the anode attachment of the
arc filament, and.the arcjet concept seemed fundamentally
confined to specific impulses below 2,000 sec.

Then, in late 1963, Ducati reported a remarkable
change in the operating range of a hydrogen arcjet [13].
Namely, that by drastically reducing the mass flew and
hence the chamber pressure, the arc could be caused to dif-
fuse over the cathode surface, and to extend far out into
the exhaust stream, in which configuration the arc current
could be increased from about 300 A to 3,000 A or more with
no noticeable structural damage. Operating under these
conditions, a luminous exhaust plume was obser&ed to blossom
out into a large ball behind the nozzle, and the thruster
performance could be increased to the level shown in Fig.
2-3, attaining efficiencies of nearly 50 percent at a spe-
cific impulse of 10,000 sec.

In order for a purely thermal expansion to produce
velocities of such magnitude, stagnation temperatures of the
order of lO0,000oK'would be required. Since this seems sub-
»stantially beyond the thermal limitations of the thruster,
it may be surmised that the large arc current generates a

magnetic field of sufficient intensity to react on the
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current pattern itself, and thus to produce a substantial
elecﬁromagnetic thrust component. Hence, contrary to the
discouraging predictions of the early plasma propulsion
experiments, Ducati had constructed a steady electromagnetic
accelerator which required no external magnet, no preioniza-
tion equipment, aﬁd no gas-seeding system, and which operated
with negligible electrode erosion.

Immediately following Ducati's report, several other
laboratories undertook a sequence of rather empirical con-
firmatory experiments in which thruster geometry, propellant
type, mass flow rate, and power level were varied [14-17].
External magnetic fields were also added to diffuse further
the anode arc attachment, resulting in significant increases
in thruster lifetime. In retrospect, some hints of the high
performance capability could be identified from much earlier
experiments on steady electromagnetic thrusters of the "Hall-
current" class [27,28]. Typical of the many configurations
which were found capable of operating in this high specific
impulse domain are the five thrusters shown schematically
in Fig. 2-4. 1In contrast to the design shown in Fig., 2-2,
these geometries cover a wide range in both degree of throat&
constriction and magnitude and configuration of the externally
applied magnetic field. However, since each of these thrusters
is capable of a performance level at least equal te that of
Ducati's, each should logically be regarded as a type of

MPD arcjet.



19

SNOILYHNOIINOD ¥3LSNYHL AdW SNOIYVA -

AITONY1-VSVYN: 11343A3-00AV
7109 41314 53 M |
JO1vINSNI[] §. \
¥01onaNoo 4 & _M u
ASS-00AV Vo1 1LdO -08 123713 ININNV 19

@mew - | Y2z
Mmmg = =

N9 Y e+ STar

FIGURE 2-4



20

In the process of cataloging the performance of
these various thrusters, it soon became apparent that a con-
siderable problem existed in determining the influence of
the testing environment, i.e., vacuum tank size, material,
and back pressure level. In some cases it was observed that
current loops in the exhaust plume were completed through
the metallic vacuum tank walls [29,30)]. In others, the am-
bient pressure level was high eneugh to provide a signifi-
cant fraction of the total accelerated mass flow by ingestion
and acceleration of the residual exhaust gases back through
the arc exhaust plume. In fact, arcs have been observed to
continue to produce significant thrust and an extended, lu-
minous plume with zero externally injected preopellant [31,
32]. Subsequent tests showed that for very low mass flow
rates and cathode diameters less than 1/4 in., the arc dis-
charge was principally sustained by vaporization of electrode
material [33]. For larger diameter cathodes, however, negli-
gible erosion was found, and stable operatien with no in-
coming gas flow could be maintained indefinitely, presumably
by recirculation of the background gas [32].

In order to minimize the effects of ingestive recircui
lation of the exhaust gases and current loops in the environ-
mental chamber, several MPD thrusters have been operated in
Fhé_large«vacuum facility at the Natienal Aer®mnautics and
SPace Administration's Lewis Research Laberatery 134,35)..

Specifically, this vacuum tank is 15 ft in diameter by 65 ft
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long and is equipped with a liquid nitrogen-coeled wall and
twenty 32-in. diffusion pumps making it one of the few ves~
sels of its size capable of maintaining a vacuum of 16—5 torr
at characteristic steady state MPD arcjet flow rates.

Typical of the results of these tests is the effi-
ciency-specific imbulse data shown in Fig. 2~5., The thruster
used for this test was an Avco-SSD model identical to the
configuration shown in Fig. 2-4, and the propellant was hy-
drogen. The solid line in the figure represents the average
of performance data recorded in a vacuum tank 3 £t in diam-
eter at a back pressure of 0.2 torr. The small circles are
performance data recorded in the large facility at approxi-
mately the same back pressure as in the smaller.tank indi-
cating that at this pressure, the smaller tank does not
appear to prejudice the data. As the ambient pressure is
lowered by three orders of magnitude, it is observed that
the thrust monotonically increases, ‘and consequently the
thruster performance increases as shown by the square data
points and the dashed average line through them. However,
even in this case, the author expresses concern that entraine=
ment effects may still be significant due to the large plume
growth as the back pressure was lowered. Nevertheless, with-
in the geometrical and environmental capabilities of this
lafge vacuum facility, the original high performance of the

MPD arcjet with a low propellant flow rate has been sustained.
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IIT. MECHANISMS

From the operation of these different thruster con-
figurations over a wide range of conditions, it is apparent
that a variety of mechanisms contribute to the total thrust:
(1) a self-field contribution arises from the interaction of
the current with its self-induced magnetic field. The re-
sulting thrust component clearly varies with the square of
the arc current and becomes significant for currents greater
than approximately 1,000 A. This contribution can be fur-
ther subdivided into an axial component and a radially in-
ward component, the latter being counterbalanced by‘a radial
pressure gradient which, when integrated over the cathode
face, also produces an axial force. (2) The arc current
interacts with the external magnetic field to produce (a)
an azimuthal current which can further interact with the
applied magnetic field to yield axial forces and (b) a bulk
azimuthal motion of the plasma in which the rotatienal ki-
netic energy can be exchanged for axial kinetic energy by
expansion in a nozzle. (3) Some electrothermal thrust con-
tribution must remain as a vestige of thé original function
of the arcjet accelerator.

Beyond the initial identification of these mech~
anisms, and the general observation that their relative im-
-portance is a sensitive function of the particular operating
conditions and electrode geometry, little specific correlation

of performance with physical phenomenology has'been achieved.
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Clearly needed is a thorough examination of the plasma flow
both within the interelectrode gap and in the exhaust plume
over the entire operational regime., However, routine tech-
niques for probing the exhausts of more conventional high
performance thrusters are not applicable to the MPD arcjet
due to the high poﬁer density in the arc discharge. In-
stead, a limited degree of success has been experienced with
spectroscopic techniques, probes swung through the exhaust,
and large vigorously water=-cocled probes. Even using these
techniques, data acquisition is limited to the low power
regime with virtually no possibility of probing the interior
of the arc chamber due to the small interelectrede spacing.
Even that data which can be acquired by operating the
arcs at a sufficiently low power level to permit limited di-
agnostic measurements are found to differ considerably from
one laberatory toﬁgnother. The determination of the current
density distribution in the exhaust plume offers an inter-
esting example of this problem. This measurement is of
fundamental value in ascertaining the fraction of the total
current which is flowing in the exhaust plume, the distri-
bution of current over the electrodes, and the resulting
contribution of the plume to the total thrust. Censequently,
the details of the current density distribution and its vari-
ation with mass flow rate, total current, back pressure, and
geometry have been one of the primary objectives of steady

state experimental programs. Two separate determinations
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of this distribution in the exhaust plume have been made
for approximately similar operating conditions. The first
of these employed a water-cooled Hall effect transducer on
an argon MPD arc operating at a total current of 400 A, an
external magnetic field of 1.5 kG, and a back pressure of
the order of 0.1 torr [36]. The second effort employed a
similar technique on an MPD arc using argon, ammenia, and
nitrogen with roughly the same external field and back pres-
sure, but a total current of 1,000 A [37]. The results a-
gree qualitatively on the radial dependence of axial current
density which is strongly peaked in the center near the exit
plane and broadens smoothly as axial distance from the exit
plane increases. The disagreement arises in connection with
the axial decay of axial current as shown in Fig.. 2-6. Here,
it is seen that the higher current data decays axially faster
than the lower curript data, a trend which conflicts with the
obgervation of higher currents producing a greater plume ex-
tension, assuming that the highly luminous regions can be
associated with regions of high-current density. Tﬁus, even
for this important parameter, there is considerable disagree-
ment regarding both qualitative and quantitative charac-
teristics of arc operation.

As yet another complication, recent results have shown
that for most thrusters utilizing an external magnetic field,
the arc discharge assumes the form of a spoke rapidly rotating

in the azimuthal directien [35,38,39] instead of the axisym-
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metric diffuse discharge observed in the self-field con-
figurations [39,40]. In addition to the obvious implications
for thruster performance, this predicates additional com-
plexities in experimental techniques and analytical formula-
tions, both of which up to this time had assumed axisymmetric
flow conditions.

A few illuminating tests, however, have produced sig-
nificant information and insight into the operating charac-
teristics of the MPD arc. One of these has been the study
of the electron number density and electron temperature dis-
tribution in an exhaust plume by the use of microwave and
Langmuir probes swung through the plume and spectroscepic
techniques [41]. From these data, it was cencluded that
the plasma was in a highly nonequilibrium state. However,
the data was taken at only one test condition (input power
up to 50 kW, no external magnetic field, and back pressure
from 0.1 to 0.5 torr), and its extension to higher power
operation can only be assumed.

Another significant result has been the positive
identification of the self-field thrust mechanism by Hugel
[42]. Figure 2-7 shows a log~log plot of thrust as a func-
tion of total current for argon and nitrogen at various
propellant flow rates. It is seen that as the current is
‘increased, the measured thrust eventually follews a line
of slope 2 reflecting the interaction of the current with

its own magnetic field. This latter regien is also



AP 25 R 4472 -4f

THRUST, gmf

28

400
300

200}

|00

O ®
o O
T T

H
O
T

Ar

D/ 0.07—5——(; /sec
N 0.15
>0k 0.30

> e
>o0|Z

| ] l | ] ] ]

1O
400 600 1000 2000 4000 6000 10000
CURRENT, A h

MEASURED THRUST AS A FUNCTION OF ARC CURRENT
FOR ARGON AND NITROGEN (REF. 42)

FIGURE 2-7



29

categorized by an increasing overall efficiency of the
thruster. It is further observed that at higher mass flow
rates, the transition to current-squared thrust dependence
occurs at larger currents due to the increased influence of
the aerodynamic thrust components. This latter effect illus-
trates one of the principle problems in systematic examina-
tion of MPD performance. That is, although the arc shows a
“trend towards improved performance and greater efficiency

as the current is increased, this effect can only be observed
for currents from about 1,500 to 3,000 A—the lower boundary
being that where the self-~field mechanism becomes dominant,
and the upper limit being imposed by the power supply itself.
This limited range has proven to be inadequate for any para-
metric study to reveal significant trends leading toward an
optimum configuration. More troublesome is the fact that
although all indications point toward further performance
gains for currents wefi above 3,000 A where magnetoplasma-
dynamic effects will doﬁinate other thrust contributions,
this is precisely the regime that is inaccessible to steady

state testing.

IvV. MODELS

Several physical models have been proposed for the
MPD arcijet, but because of the paucity of diagnostic experi-
ments, these models invoke a variety of assumptions with a
consequent wide range of predictions and limitations. Selec-

tion of the most pertinent model awaits better determination
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of the physical parameters of interest in the exhaust plume.
Rather than describe each candidate model in detail, only
the salient features or parametric implications of each will
be discussed. A more complete review of these models is
available in Ref. [43] wherein their mathematical background
and particular subtleties are developed.

The main distinction among the models is between the
continuum or magnetogasdynamic point of view and the free
particle or gaskinetic approach. In the continuum representa-
tion, the crossing of the radial and axial current components
with the azimuthal self-magnetic field produces axial forces
as discussed previously. In addition, either the radial or
axial component of an external magnetic field when crossed
with the proper current component can produce an electromag-
netic swirling of the gas. Finally, allowing tensor conduc-
tivity effects, va;ious Hall interactions can be present, such
as the crossing of an azimuthal Hall current component with
the radial component of an external field to produce an axial
force.

For the purely self~field contributions, it has been
shown that the total electromagnetic thrust for uniform cur- "™

rent density over the cathode end surface varies as

2

pJ ( 3 r,
T ===+ -2 (2-1)
411 4 r,

where T = total electromagnetic thrust (N)
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J = tetal arc current (A)

B = magnetic susceptibility (mks)

r_,r_ = radii of arc attachment on anode and cathode
respectively [43]

Note that this thrust component is independent of the
detailed pattern of the arc, and independent of the mass flow
rate to the extent that the mass flow does not alter the total
arc current or the effective radii of arc_attachment on the
cathede and anode surfaces. To this extent, then, the ex-
haust velocity should scale inversely with the mass flow rate
if the acceleration conforms with the postulated mechanism.

Although the magnetogasdynamic model of the MPD arc
makes no reference to gas properties, it assumes a continuum
interaction in the manner in which it invokes the'}hx g‘body
force. However, since the large arc currents and high exhaust
velocities are favored by low gas pressures in the arc chamber,
some particle mean free paths and gyro radii may become com-
parable with the chamber dimensions. The extreme case of
completely collisionless current conduction and particle ac-
celeration forms the basis for the second proposed model for
the MPD arc [44]. In this model, sufficient cellisions are
allowed to ionize the incoming propellant near the anode.

The ions thus created are accelerated radially inward by the
electric field without further collisions and are subsequently

deflected axially outward by the azimuthal self-magnetic field

until they join an axial stream of electrons emitted from the
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cathode. Hence, the thruster basically acts as an electro-~
static ion accelerator with space-charge neutralization pro-
vided by the cathode electron beamn.

This postulated behavior predicts certain correlations
of its terminal properties which differ from the continuum
case. Implicatioﬁs of the model are that the mass flow rate
is now directly coupled to the current through the ion ra-
dial conduction, and that the ion gyro radius must be the
order of its radial position in order to negotiate the turn
from the radial to the axial direction. Taking these into
account predicts an arc voltage and thrust that each vary
with the square of the current, and an exh#ust speed pro~
portional to the current and inversely proportional to the
ion mass.

The validity of the particle model clearly hinges on
the collisionles§>assumption, one which may be unreasonable
for much of the domain over which the MPD arc is observed to
function. However, two features of it are more generally
relevant and provide some insight into two prominent aspects
of the arc operation. The first relates to the ability of
the cathode to withstand the extremely high-current densities,
,0f the order of 109 A/mz. Normally, concentrations of current
this intense will rapidly erode a cathede surface by ion bom-
bardment, but here the strong magnetic field near the cathode
tip can deflect the incoming ions sufficiently to protect the

cathode from excessive heating. Because of the inverse de-
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pendence of the magnetic field on the radius, this magnetic
protection of the cathode can prevail at far higher particle
densities than could be allowed for application of a purely
collisionless theory througheout the arc chamber.

The second instructive contribution of the collision-
less approach concerns the coupling of arc current to mass
flow rate which may be relevant to the "zere mass flow" oper-
ation discussed earlier. If the device is operated in a re-
gime where ions alone carry the current and the mass flow is
then reduced, the arc would be starved for current carriers,
and the current would tend to decrease. However, if the cur-
rent were forcibly maintained at its previoﬁs level by the
extérnal circuit, the arc would be obliged to obtain current-
carrying particles from other than the inlet mass flow, e.g.,
from the electrode surface material, or by recirculating a
fraction of the exhaust plume. Thus, while this model may
not describe the higher mass flow domain of MPD arc opera-
tion, it may establish the lower mass flow limit before re-
circulation or electrode consumption begins.

The gap between the continuum and ceollisionless ap-
proaches can be bridged by incorporating collisienal effects
in the particle orbit mechanics, a formidable task if done
precisely. However, qualitative patterns of current and
‘thrust densities can be predicted from examination of the
electron and ion Hall parameters and their respective gyro

radii over the arc chamber and plume regions [45]. This
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approach requires some initial estimates, presumably based
on experimental data, of the patterns of the various gas
properties which determine the Hall parameters and gyro
radii, namely the degree of ieonization, the electron number
density, the electron and heavy particle temperatures, and
the magnetic field.

When this procedure is applied to a typical MPD arc
geometry, it is found that most of the phenomenological
traits characteristic of the experimental operation can be
qualitatively displayed. Plume protraction, ambient gas
ingestion, arc swirling, cathode protection, and the gross
aspects of the current density distributioﬁ all follow legi-
cally from its self-consistent application under the pre-
vailing conditions. The extent to which it can provide
quantitative information of these phenomena clearly rests
on the accuracy Yith which the appropriate parameters can
be determined over the range of interest.

A model which attempts to take entrainment effects
into consideration has been postulated by Cann [46] for a
predominantly ion current and later by Bennett [47] for
either electron or ion current conduction processes. In
this "critical mass flow" model, it is assumed that the arc
will operate at that mass flow rate for which the total
voltage is a minimum, and consequently, a distinction is
made between the mass flow which is externally provided

and the total mass flow accelerated through the arc dis-
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charge. In cases of entrainment or electrode erosion, the
latter can be greater than the feormer; the reverse situation
can exist if only some fraction of the injected mass is ijion-
ized and accelerated in the discharge. When these assumptions
are incorporated into an energy balance, the voltage is min-
imized at that masé flow rate for which 50 percent of the
energy is in directed streaming energy and 50 percent in ion-
ization energy (assuming a monatomic gas with negligible
electrode loss and thermal contribution). Only by operating
at mass flows less than the critical value without entrain-
ment or erosion is it possible to have an efficiency greater
than 50 percent. At this critical mass floﬁ rate, the ion
exhaust velocity is shown to be that value for which the ion
kinetic energy equals the ionization energy of the neutral

species, i.e.,

2e &, 1/2
Uerit = | M, (2-2)
i
where Ucrit = critical ion velocity (m/sec)
e = electronic charge (coul)
51 = ionization energy of a neutral (eV)
Mi = mass of the ion (kg)

In addition, for an external field accelerator, the minimum
or critical voltage is shown to be proportional to the prod-
uct of this "critical velocity" and the external field

strength. 1In retrospect, the formulation of a critical ve~

locity and its function as the constant of propbrtionality
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between voltage and magnetic field can be. shown from a one-
dimensional channel analysis. The straightforward appli-
cation of momentum and energy integral relations across an
acceleration zone generated by an external magnetic field,
and the assumptions of negligible inlet conditions and neg-
ligible thermal ehergy, lead to identical relations and
implications.

Experimentally, there is some evidence of operation
in accord with parts of this model. The linear relation be-
tween voltage and applied magnetic field is common among
thrusters in this category and, in fact, the critical veloc-
ity concept in the MPD field was first invﬁked to explain
this behavior [17]. More recently the identification of a
high velocity iopized species and a low velocity neutral
species in the same exhaust plume [48] reflects on one of
the initial assumptions of this model.

The concept of a critical velocity in plasma accel-
erators is not new. Early results by Fahleson [49] from
closed chamber, rotating plasma experiments displayed a
linear relation between total voltage and applied magnetic
field, the constant of proportionality being the same crit;\
ical velocity. Again, this velocity was only observed among
the ionized species and was not exceeded until all of the
neutrals were ienized.

In both the closed chamber and MPD experiments, the

critical velocity concept suffers from a lack of understanding
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of the detailed physical processes involved. In particular,
the mechanism by which the ionized specie interacts with the
neutral gas is still subject to question. Whereas an elec-
tron is an effective ionizer of a neutral when its energy
equals the ionization energy, an ion must travel with a veloc-
ity nearly ten times the critical vélocity to be equally effi-
cient. To get energy from the streaming ions into the elec-
trons, Alfven [50] has postulated local charge imbalances
which sufficiently accelerate the electrons, while Lin [51]
claims elastic collisions between ions and electrons are
sufficient. Like the other models, the extent to which this
one will be useful to both external and self-field MPD arcs
will most probably depend on the quality of diagnostic experi-
ments in the inte:electrode region and the examinafion of
terminal property functional dependencies over the entire
power spectrum of arc operation.

It is important to realize that none of the previous
models includes an electrothermal thrust contribution which,
as has been mentioned previously, is a strong possibility
considering the evolution of the MPD arc. At first glance,
the electrothermal contribution might seem to be minor in a
thruster producing exhaust velocities up to 105 m/sec because
of the excessive gas temperatures which would be required.
However, a characteristic feature of the previous models has
been the displacement of the collision dominated regime down-

stream from the material electrodes due to the large self-
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induced or external magnetic fields. In this way, the arc
may now be able to sustain much higher currents and gas
temperatures in this "ehmic" regien than if the latter were
in direct contact with the eiectrodes. The extreme point of
view would be to regard the device as still an electrothermal
arc, with the hottest portion of the gas constrained away
from the electrodes and the exhaust stream expanding in a
magnetic nozzle established by the field pattern. This pos-
tulated electrothermal component is important from the stand-
point of the overall efficiency of the arc. Were only elec-
tromagnetic effects producingvthe gas acceleration, all joule
heating of the gas would be regarded as an‘energy loss. 1If
on the other hand, the device retains some of its electro-
thermal characteristics and can redirect a significant portion
of this randomizéd energy into streaming energy, the overall
efficiency will benefit accordingly. In the limit, only some
radiation and electrode losses would detract from its per-

formance, and its efficiency can be extremely high.

V. SUMMARY &

After several years of intense study in several labo:
ratories, little insight has been gained inte the MPD arcjet
beyond the verification of the performance level first demon-
strated by Duéati. Subsequent estimates of the high petential
of MPD thrusters-—specific impulses above 3,000 sec with

thrust densities at least three orders of magnitude greater
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than the ion engine--still appear realistic and pertinent
to future space applications. In isolated instances, illu-
minating experiments have clearly identified particular
thrust mechanisms or phenomenological characteristics in a
given configuration, but a cohesive model for the thruster
operation continues to be elusive. The principle obstacle
blocking a systematic solution to the problem is the lack
of diagnostic information, this in turn being due to the
extreme conditions throughout the entire discharge region
and the poorly defined influence of external environmental
factors. Parametric investigations, which usually play a
key role in the development of new thrusters, have been
largely ineffective with the MPD arc due to complex inter-
parameter dependencies and limitations of steady state
testing facilities. Most troublesome has been the inability
to explore the operating regime above 3,000 A where the most
efficient acceleration is indicated. The cumulative impli~
cation of these steady state results is that the only way

in which complete diagnostic information can be gained
throughout the entire operational domain is by an intermit-
tent or quasi-steady thrusting technique. Only then will it
be possible to ascertain the relative impertance of specific
geometrical and environmental factors and thus construct an

optimum thruster for most efficient MPD propulsion.
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CHAPTER 3
PULSED ACCELERATORS

I. INTRODUCTION

In the previous chapter, the migration of steady state
plasma accelerators toward a quasi-steady operation was re-
lated to the desire to observe arc operation at power levels
up to several tens of megawatté and to the need for detailed
diagnostic measurements in this range as well as for lower
powers. Concurrently, experimental results with puised (i.e.,
completely unsteady) plasma accelerators were suggesting the
extension of these pulse lengths to considerably longer times,
thus approaching the quasi-steady mode from the opposite end
of the time spectrum. Since the design of the quasi-steady
accelerator, which is central to this thesis, draws heavily
on experience gained with transient discharges, a brief re-

view of this related trend will be profitable.

II. EARLY OBSERVATIONS

Initially, pulsed plasma thrusters were studied be-
cause of certain potentially advantageous phenomeneological
differences from steady state plasma thrusters, associated
with the transient nature of the discharge:

1. If the acceleration event is sufficiently rapid,

it may be possible to avoid thermalization of the free
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electron component with the ion streaming energy and the sub-
sequent loss of this energy by inelastic collisions and radi-
ation.

2. The characteristic time derivatives of the accel-
eration process produce certain spatial nonuniformities, such
as the "skin effect." Briefly, this effect is associated with
the tendency of high-frequency currents to flow along the
outer surface of a conductor, and is fundamental to the gen-
eration of an intense, thin current sheet in a gaseous dis-
charge.

3. Higher instantaneous power operation is possible
by utilizing intermittent intense pulses from a capacitive

energy storage bank.

It was felt that these potential advantages, if properly
harnessed, could manifest themselves in higher overall effi-
ciencies. |

In Chap. 1, the pulsed plasma discharge was broadly
classified into three principle phases: plasma generation,
wherein the application of a high voltage electrical pulse
is synchronized with the arrival of a puff of gas into the
discharge chamber to produce a gaseous breakdown in the form
of a thin, intense current sheet; plasma acceleration, in
which the current sheet, driven by its self-magnetic field,
sweeps over the injected mass and accelerates it to a high

velocity; and plasma ejection, wherein the current sheet and

accumulated mass are exhausted into a wvacuum, thereby
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imparting a thrust increment te the accelerator. Although
these phases overlap in any actual thruster, their separation
provides a useful conceptual framework to which the experi-

mental results and difficulties will be related.

III. EXPERIMENTAL CHARACTERISTICS
Whereas certain experiments were centered about the
development of the complete thruster and the measurement of
its performance [3,52,53], others were directed teward a study
of the more basic processes contributing to the acceleration
[5+7,54,55]. The principle departures from idealized opera-
tion, as observed in this latter group of experiments, were
associated with the plasma acceleration phase. Since the
characteristic impedance of the discharge, about 10 % @ 0
was considerably lower than the characteristic impedance of
early capacitor power supplies, the typical current pulse
driven through the discharge was a damped sinusoidal ringdown.
In most experiments the first current geversal in this ring-
down pattern occurred before the propagating sheet reached
the ejection port. Instead of the current in this sheet also
Ty,
reversing and the acceleration process continuing, a second
sheet was generated at the initial location of the first.
This in effect severed the electromagnetic coupling between
/the power supply and the first current sheet resulting in a

degradation of the latter's velocity by viscous interaction

with the chamber walls. Since nearly all of the mass was
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accumulated by the first sheet, the overall effect of this
current reversal was a performance reduction. Capacitors
large enough to extend the half-cycle time beyond the char-
acteristic acceleration time would have been unreasonably
large and expensive, and would have predicated rise times

too long for effective utilization of the skin effect. Con-
sequently, the experimental tendency was to shorten the length
of sheet travel and increase the driving current time by the
use of specially tailored current pulses [10,11].

A second problem in the acceleration phase was the
nonideal behavior of the current sheet as a mass sweeper.
Photographic and diagnostic studies revealed that the sheet
in fact tilted during its propagation and lost its effective-
ness at the electrodes, predominantly the anodé, due to a
diffuse attachment [56]. The cumulative effect of these and
other imperfectiohs was the reduction of the efficiency of
mass accumulation to some fraction of the ideal value.

A third inefficiency in converting electrical energy
into directed streaming energy was associated with the in-
elastic collisions between the ambient neutral particles ang
the propagating current sheet, the resulting dissipation
being termed the dynamic inefficiency. Analysis has shown
[21] that for a constant velocity current sheet perfectly
sweeping a uniformly distributed mass, only 50 percent of
the total energy imparted to the gas goes into streaming

energy; the other 50 percent is absorbed in internal modes.



44

This distribution of useful and dissipative energy can be
improved by the selection of a converging geometry and by
judicious tailoring of the current pulse and injected mass
profile. However, a sharply decreasing density profile in
front of the sheet, shown favorable from this analysis, in
some cases resulted in an instability which caused the for-
merly uniform current sheet to degenerate into arc filaments
useless for plasma sweeping functions [57].

In the plasma initiation phase, the primary concern
is to have the expended energy small compared to that later
delivered to the gas during the acceleration phase. However,
the energy expended in breaking down a cold gas by applying
a high voltage to initially cold electrodes can be substan-
tial. In fact, for the short pulse times typical of these
early accelerators, this loss can be the dominant loss of
the system.  With longer pulse times, the amount of energy
expended in the initiation process will not change, but it
will be a relatively smaller fraction of the total energy
input to the gas over the entire pﬁlse time.

In the plasma ejection phase, it Qas shown that the
accelerated plasma could be exhausted without a significant
loss of momentum [9]. This result was of course subject to
the qualification discussed earlier-~the plasma must not be
- decoupled from the driving circuit (by current reversal) be-

fore the bulk of the ejection process is complete. It was
further observed that before current reversal occurred, the

current flowed out into the exhaust plume during the ejection
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phase and continued to accelerate the working fluid. This
has obvious implications for higher exhaust velocities if
the current pulse could be sufficiently protracted.

Two problem areas remain that are not directly asso-
ciated with any one of the three distinct phases. The first
of these concerns the electrode emission process throughout
the pulse. Superficially, there is a tendency to feel that
the time scale on which the pulsed accelerator operates is
probably inadequate to attain the prolific thermionic emis-
sion of electrons from the cathode which is characteristic
of high-current steady arcs. Nevertheless, it is important
to achieve this type of emission because the associated small
voltage drop at the cathode (the cathode fall voltage) is re-
flected in a greater overall efficiency. Largef cathode fall
voltages associated with nonthermionic emission not only
cause greater powetr losses, but frequently cause cathode
erosion due to the sandblasting effect of ions accelerated
by this voltage. Longer pulses may alieviate this problem
in that a more stable discharge might be generated, allowing
in turn sufficient local heating for thermionic emission to
prevail.

The second problem area concerns the reliability of
the complete thruster system. Since the pulse duration was
limited to one to ten microseconds, delivery of a required

total impulse dictated a tetal number of individual pulses.

7

For realistic missions, this implied 10° to 109,pulses [58]
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indicating the importance of system reliability and electrode
integrity. Particularly significant is the burden that such
a large number of pulses places on the capacitors and on the
switch between the power supply and the thruster. Several
types of switches have been used in pulsed plasma propulsion,
with a complete description of each given in Ref. [43]. Re-
gardless of the particular configuration, it was clear that
if a longer pulse were used, and if the thruster continued

to accelerate injected mass during this increased pulse, then
fewer pulses would be required for the same total impulse.
Consequently, the reliability demands on the switch, capac-
itors, and thruster would be considerably relaxed.

The summation of these observed difficulties was re-
flected in the overall efficiency measured in typical pulsed
systems. Larson [3] measured an overall efficiency of up to
45 percent and spegylated that 50 percent appeared to be a
ceiling for that system. Gorowitz, using the configuration
shown in Fig. 3-1 [2], claimed a maximum overall efficiency
of 70 percent at a specific impulse of 9,000 seconds. How-
ever, due to the specific mass of anticipated electric power
supplies, the optimum specific impulse for near-planet mis-
sions is approximately 5,000 seconds [18,19]. At this value,
the latter system had an efficiency of 45 percent. Thus, it
appears that although certain advantages accrue from rapidly
pulsed plasma accelerators, this same transient process pred-
icates unique loss mechanisms which limit the overall effi-

ciency to values considerably lower than desired.
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IV. EXTENDED PULSE OPERATION

From studies like those mentioned above, it has be-
come apparent that many of the operational difficulties
could be reduced by protraction of the driving current pulse.
In essence, performance improvements may be anticipated by
extension of the électrical and injected mass inputs thereby
confining the more troublesome aspects of the acceleration
process to the extremities of the pulse. 1In other words, the
problems of sheet formation, mass sweeping, and uncoupling of
the sheet from the power supply may assume a relatively lesser
importance if, during the center portion of the pulse, the
discharge functions as a high-power steady‘state accelerator.

One of the first attempts at operation of a thruster
with an extended pulse was reported by Ashby [58]. Since the
implications of prolonged pulses regarding both MPD simulation
and quasi-steady propulsion had been realized by this time
[59,60], the geometry of this thruster more closely resembled
the steady state device (see Figqg. 3—2); Note that an external
magnetic field was added to improﬁe the performance in the
lower power regime. The performance of this accelerator was
in fact lower than the older pulsed thrusters (overall effi-"
ciency of about 25 percent at a comparable specific impulse)
and was complicated by two problems. First, with these longer
pulse times, current was able to flow in the expanding exhaust
plume and consequently in the metallic vacuum tank walls. 1In

fact, the maximum inputlpower conditions were stipulated as
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those where tank currents did not flow — 25 to 250 kW de-
pending on the propellant. The second problem was associated
with the mass injection system. Because this thruster was an
extension from the operation at shorter time scales, the mass
supply system closely resembled its forerunner. This appara-
tus consisted of a‘small, high preésure plenum whose passages
to the main arc discharge chamber were sealed by an electro-
magnetic valve (see Figs. 3-1 and . 3-2). The advantages of
such a system are that it can be repetitively pulsed and easily
synchronized with respect to the electrical pulse by an elec-
tronic delay network. The disadvantages are twofold: First,
the time starting when this valve begins to‘open until "steady"
mass flow conditions are reached in the arc chamber can be
several milliseconds. For a quasi-steady acceleration experi-
men;, the electrical pulse should be delayed until this steady
condition has been reached. Consequently, sufficient mass can
enter the vacuum chamber in this time increment to lower the
mass utilization and compromise the spaEe environment estab-
lished initially. In addition, the resu%ting higher back pres-
sure may prohibit certain exhaust plume diagnostics, such as
ion energy analyzers, which require a large mean free path
outside the exhaust plume. The second disadvantage of this
technique is that no truly steady mass flow is reached since
the pressure in'this small reservoir continually decays with
time. This can become especially serious as the electrical

pulse time is increased.
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A later long-~pulse thruster for MPD simulation was
developed by Lovberg, et al. [61]. It too had an external
magnetic field, a similar mass injection system, and was
confined to power levels below approximately 100 kW. An
added feature of this experiment was artificial heating of
the cathode to enéure thermionic emission. Although overall
performance measurements were not the purpose of this experi-
ment, detailed diagnostics in the interelectrode region
quickly revealed the presence of a rotating spoke discharge.
Only after this result was reported was the same phenomena
verified in steady state experiments operating at similar
conditions. This point should be emphasizéd; namely, this
well-designed pulsed simulation experiment revealed particu-
lar information on low power MPD thrusters which had not been
realized in two years of steady state testing. The similar
application of appropriate diagnostics to a properly designed
quasi~-steady accelerator operating in the high power regime
may well be equally productive. ‘

Both of these extended-pulse thrusters performed mainly
in the low power, external magnetic field domain characteriagd
by rotating arc filaments, ponderous auxiliary magnets, and a
complex interplay between various ;ix E forces. However, as
shown earlier, the indicated high-efficiency operation is at
the high power end of the spectrum dominated by the self-mag-
netic field effect. Long-pulse experimentation in this latter

regime has been done by Jahn [9] at about the same time as the
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early external field work of Ref. [58]. The configuration
used is shown in Fig. 3-3 and is seen to be similar to that
shown in Fig. 1l-1lb — with internal arc chamber dimensions
of 24in. height by 5-in. diameter, an orifice diameter of
4 in., and a Pyrex exhaust vessel diameter of 9 in. The
gds—triggered electrical switch, Which has been described
in detail elsewhere [62], is shown directly behind and co-
axial with the main discharge chamber. The electrical break-
down in both chambers is governed by the Paschen curve for
the particular electrode spacing [63]. Figure 3-4 shows
this characteristic breakdown voltage versus pressure for a
2-in. gap in argon. The pressure in the switch is maintained
sufficiently low so that the full power supply voltage can
be applied across it without causing a breakdown; i.e., a
switch pressure of less than lO_2 torr for the 10 kV maximum
voltage. The pressure in the main chamber is preset to a
value that will not hold off this same voltage. When a puff
of gas is then injected into the switch chamber, a sponta-
neous breakdown occurs transferring the bank voltage to the
main chamber and thereby initiating the acceleraticn process
at the preset pressure. )
Initial tests were performed with a flattop driving
current pulse of 200 kA for 5 psec using the pulse-forming
network described in Ref. [10]. A uniform argon pressure
of 0.12 torr was set throughout the main chamber and exhaust

vessel. Routine probing of the discharge region by magnetic
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probesl revealed the current distribution development shown
in Fig. 3-5. The data here are presented as contours of
total current enclosed within the radius of the field point.
The observed slowing of these enclosed current contours a-
long the anode face could have been caused by either a gas-
dynamic influence of the exhaust vessel wall or the natural
development of a stabilized discharge current pattern. Ex-
perimental indications of this latter possibility were also
being reported by Larson at this time [3].

In order to determine unambiguously the cause of the
observed current pattern slowing, the experiments were con-
tinued with the following changes: First,‘a larger capac-
itor power supply was installed. It consisted of a bank of
40 x 3.2 pF units, replacing the former bank of 20 x 2.5 pF
units. The bank was charged to 10 kV before each pulse,
representing a totalistored energy of 6,400 J. With the
appropriate interchangeable inductors between the capacitors,
this system was capable of providing fiattop current pulses
from 35 kA to 140 kA. At the highest current, the pulse was
20 psec long, with lower currents being ériven for propor-
tionally longer times.

Second, a shock tube gas injection system was installed.
This system, shown schematically in Fig. 3-6, utilizes a small

shock tube (12-in. driver section, 21-in. driven section,

1A complete deécription of magnetic probes and their appli-

cations has been presented in Ref. [65].
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7/8-in. diameter) whose driven section is connected by flow
passages to both the main discharge chamber and the switch
chamber. 1Initially, these interconnected elements are all

pumped out to some low pressure (10_3

torr or lower) while

the driver section is pressurized to two atm argon and the
capacitor bank charged to 10 kV. When the diaphragm is
ruptured, a puff of gas goes into the main chamber and a
secondary puff begins to fill the switch chamber. By proper
adjustment of the orifice ip the line feeding the switch,

the breakdown can be delayed until a prescribed pressure
exists within the main chamber. (The pressure level is es-
tablished by a comparison of Kerr-cell photégraphs of the
pressure-dependent pinch process for both the shock tube

mode and ambient prefills to various uniform pressures.
Agreement of the pinch times between the two modes indicates
an average pressure for the shock tube case equal to the cor-
responding ambient case.) The primary advantage of such a

gas injection system when compared to tﬁe previously mentioned
eléctromagnetic valve resides in its rapi@ mass flow rise time
to an appropriate operating condition (less than 1 msec), thus
producing a better simulation of a space environment. In ad-w
dition, such a system does not require a special external
synchronization circuit. However, due to its relatively long
reset time, it cannot be incorporated into a configuration
which will be repetitively pulsed at a high frequency.

Finally, unhindered development of the exhaust plume
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was allowed by the construction of a special plexiglas vac-
uum tank [66]. This 3-ft. diameter by 6-ft. long tank,
shown in Fig. 3-7 with its 6-in. oil diffusion pump and as-
sociated backup pumping apparatus, was constructed entirely
of dielectric material to prevent current cenduction or in-
duced currents from flowing in its walls. Its large size
enables the anode face diameter to be increased to 34 in.
as seen in Fig, 3-7 while maintaining the same discharge
chamber and orifice dimensions. With this tank,  back pres-
sures of less than ld—s torr provide an effective simulation
of a space environment since the mean free-path of the re-
sident particles is then larger than the tank dimensions.
Details of the method of construction and outgassing char-
acteristics of this unique facility are available in Ref. [66].
Having made these changes, the development of the cham-
ber discharge and *exhaust plume for shock tube injection of
argon with a 35 kA by 80 psec input pulse is shown in Fig.
3-8, It is observed that after about 40 percent of the pulse
time, the initially rapid propagation of an intense current
sheet has stabilized into a much more diffuse current condug:
tion pattern. Experiments with a parallel~-plate accelerator
have shown that a similar stabilized current configuration
can be obtained, and that in this one-~dimensional geometry,
the current sheet continues to accelerate mass through itself
after stabilization [67]. This distinct transition from a

sweeping mode characteristic of early pulsed plasma accel-
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erators to a diffuse "blowing" mode typical of steady state
accelerators indicates that the former may just be the start-
ing phase for the latter. Thus, the possibility of variable-
power MPD simulation and high power, high efficiency inter-
mittent acceleration has again been broached, only this time
as a result of a logical development from a completely un-

steady plasma accelerator.
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CHAPTER 4
DESIGN CONSIDERATIONS AND REQUIREMENTS

I. INTRODUCTION

In the preceding brief reviews of both steady and
pulsed plasma propulsion, it has become obvious that both
of these disciplines provide some basis for a long-pulse
mode of operation. Although the respective arguments are
guided by totally different experimental results and prob-
lems, the goal is essentially the same: namély, access to
the high power regime which appears to provide the best
potential for highly efficient plasma acceleration, at
modest average power consumption. Thus, quasi-steady oper=-
ation represents the merger of two initially distinct pro-
pulsion techniques into one which may embody the most favor-
able aspects of each. With the development of a quasi-steady
facility which would permit detailed study of various aspects
of this mode as the immediate goal, the following consider-

ations and requirements are examined.

II. CURRENT DISTRIBUTION
The fundamental requirement for any quasi-steady ac-
celerator to fulfill in order to bear relevance to a similar

steady state configuration is that its current distribution



64

must stabilize to some steady pattern on an appropriately
short time scale. This transition from a propagating cur-
rent sheet to a steady distribution has been observed to
proceed via various routes. In one experiment, for example,
the enclosed current contours initially billowed outward in-
to the near exhaust, gradually slowed as the transition took
place, and stopped at some equilibrium position [12]. 1In
another experiment, an intense current front was driven out-
ward from the exhaust plume unrolling behind it a steady
distribution of current density [68]. The particular tran-
sition mode which a given discharge elects may be due in
part to geometry, initial mass distribution, or some unknown
factor, but regardless of the contributing elements, the re-
sulting stabilization is an absolute necessity for a quasi-
steady accelerator. It seems reasonable to anticipate that,
because of the widely variant geometries and mass injection
schemes where stabilization has been observed, new accel-
erators, based largely upon extensions Qf earlier configu-

rations, will also produce stabilized current patterns.

III. MASS FLOW RATE

Merely duplicating the exhaust current density pro-
files is not sufficient to establish full relevance of the
quasi~steady operation to its steady counterpart. A sepond
major factor to be considered is the establishment of a

quasi-steady mass flow of appropriate and adjustable rate
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through the discharge chamber, on the time scale of the rest
of the experiment. This required mass flow rate must con-
form to the thrusting capability of the self-field pattern
for the desired specific impulse. For a purely self-magnetic
thruster with a uniform cathode current distribution, the

electromagnetic thrust generated has been shown on page 30

to be
2
nJ r 4
= o In -——ra + -?i- (4-1)
c

Since this must be equal to the momentum increase of the
working fluid, the appropriate mass flow rate can then be
found for any specified exhaust velocity or specific impulse

from

T = mU,_, = mIspg (4-2_)

where m mass flow rate

ex exhaust velocity

Isp = gpecific impulse

g = gea level gravitational acceleration
Such a set of calculations are shown in Fig. 4-1 for
an anode-to-cathode attachment radius ratio of 5.6, a value b
which corresponds to current density distributions presented
in a later chapter. (It should be noted, however, that this
thrust calculaﬁion is not sensitive to ra/rc due to the log-
arithmic behavior.) It is seen from Fig. 4-1 that currents

5 2

from 103 to 10~ A dictate mass flow rates frem.1l0 “ to



66

1SNYHL JILINOVNOMLD3TI A13MNd ¥04 MOT4 SSYW
(99s/6) MO14 SSVIN

Ol _ -0l Ol -0l
T T [T T 1 T T T _.____ T _ N__ — : 5Ol
ANIO3FY D8V GdW 31VLlS AQv3lsS
/
I)//~ §§§§ -
- §§ 1=°
@ m = d\_l E‘\‘ |
< > _
Ss :
<€ 20IXG —1+0l
(mo_
c0IX2 )
cOIXp 4
295 (01X 8= 3SINdI O141D3dS .
I mo_

am [ o 3 N LV

Yy AW

(dwc) INI™END

FIGURE 4-1



67

102 g/sec. A mass injection system capable of providing
these flow rates would enable operation over the range from
present steady state MPD arcs up to power levels several
orders of magnitude higher. It is interesting to note that
operation in the upper left portion of Fig. 4-1 implies ex-
tremely high specific impulse values. However, if the mass
flow rate is continually decreased for a fixed current in
order to get into this regime, the arc operation may change
in a manner such that this high performance is impossible.
This point will be discussed at greater length when the volt-
age measurements are presented.

In addition to demanding a large and quasi-steady mass
flow rate from the mass injection system, it is equally impor-
tant that this mass flow be pulsed into the thruster in order
not to compromise the space environment in the region down-
stream of the arc chamber. It follows that the rise time to
the steady value be as short as possible in order to maintain
the highest possible mass utilization fraction and the best
simulation of a space environment. A further benefit that
would accrue from a short rise time would be the ability to
perform certain exhaust beam diagnostics (such as ion energy%
analyzers) which require nearly collisionless flow of the
ionized accelerated species through the background gas.

In ordef to establish the gasdynamic characteristics
of various injection systems, a fast response miniature ion-

ization gauge [69,70] was constructed for measuring neutral
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particle densities. This device consists of a small pentode
(CK~5702) operating without its glass envelope and with its
elements biased as shown in Fig. 4-2a. Ions, formed in the
vicinity of the screen by collisions between high velocity
electrons and resident neutral particles, are collected by
the negatively biased plate and suppressor. The choice of
resistances in the cathode and screen legs provides sufficient
negative feedback to keep the electron emission current con-
stant to within 5 percent during a gas pulse. When mounted
within the environmental tank, the gauge is capable of mea-

5

suring pressures in the range of 10 ° to 0.3 torr, with a

time response considerably shorter than 10 usec, and with a
measuring volume of approximately 1 cm3.

This device was first used to map the neutral density
profile for the shock tube gas injection system described pre-
viously. The gauge was mounted on a movable probe carriage
in the plexiglas vacuum tank to enable both axial and radial
traversing. Tank pressure before each\shot was less than

-5

10 torr and the shock tube driver pressure was 2 atm to

match the conditions for the earlier exhaust plume current
conduction pattern measurements. An accurate time referenc;\
to correlate the pressure profiles was obtained by triggering
the oscilloscope from the output of a piezoelectric pressure
transducer mounted in the driven section of the shock tube.

Figure 4-2b displays a typical triple overlay of the

gauge plate current versus time at the center of the pinch
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chamber. The plate current was measured at three sensi-
tivities, each an order of magnitude apart (the most sen-
sitive not shown) to facilitate accurate pressure determi-
nation over the entire range of the gauge. Conversion of
the plate current data to pressure data was accomplished
by the calibration curve of Fig. 4-~2c which was found to be
the same for all pentodes used.

In Fig. 4-3, the oscilloscope traces shown in Fig.
4-2b have been reduced to give the pressure history in the
center of the discharge chamber. Superimposed on each data
point is an error bar which represents the total error due
to emission current drift and statistical fluctuations in
the piezoelectric trigger, diaphragm rupture, and actual
gasdynamic exhaust pattern. Although the nature of the ion-
ization gauge precluded its operation during an actual dis-
charge of the accelerator, the chamber static pressure at the
time of electrical b¥reakdown was established as 0.1 torr to
10 percent accuracy by a Kerr-cell comparison of shock tube
and ambient fill pinch times as discussed in Chap. 3. Re-
ferring to Fig. 4-3, it is evident that the electrical break=-
down occurs with this configuration approximately 560 psec
after the pressure first begins to rise in the chamber.

Figure 4-4 shows the axial pressure profile at 100 psec
intervals after the pressure first begins to rise in the arc
chamber. In Fig. 4-5, the radial pressure profile growth in
a plane perpendicular to the axis and two inches downstream

of the anode is also shown. It is apparent that at the time
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of electrical breakdown, both the axialland radial pressure
decays are sufficiently rapid so that the tank walls do not
interfere with the exﬁaust plume growth.

The steep pressure-time history observed with this
gas injection system was appropriate for the shorter current
pulses used in conjunction with it. However, for pulses
longer than about 100 upsec, as contemplated for MPD simula=-
tion and quasi-steady thrusting, this system is inadequate
in that no steady mass flow phase occurs on a reasonable
time scale.

A further complication surrounding the mass injection
system arises when the interaction between it and the super-
imposed current pulse is considered. If the mass pulse is
properly injected, then the pressure distribution awaiting
the current pulse will be some steady value withih the dis-
charge chamber, corresponding to the steady mass flow rate,
with a rapid decay outside the chamber to the background
value. When the discharge initiates, the propagation of the
current density distribution characteristic of the initial
transient phase will disturb the injected mass distribution
to a certain extent. In the extreme case of a perfectly
snowplowing current sheet, the chamber would be evacuated
completely. It follows that for a steady acceleration phase
to occur, the current pulse must be sufficiently long to
enable fresh gas to be processed by the subsequently stabilized

current distribution, i.e., the current-mass flow interaction
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must reach a state of dynamic equilibrium. Since the time
constant for attaining this equilibrium will scale like a
characteristic accelerator dimension divided by the acoustic
speed of the incoming gas, it could become comparable to the
tétal available pulse time from the power supply, whereas its
desired magnitude is less than or equal to the time necessary
for the current distribution to become steady. The specific
value for this time constant will obviously depend upon the
location of the anticipated stable current distribution. Hence,
this effect can only be fully evaluated after detailed exhaust
plume probing has revealed the nature and location of the

transient and stabilized phases.

IV, OTHER CONSIDERATIONS

One obvious change that must be made between thatrgeom—
etry shown in Fig. 3-6 and one resembling a steady MPD config-
uration is the size and shape of the cathode. In the earlier
configuration where stabilization was observed, the cathode
was a large, flat disc instead of a cylindrical or conical
shape. Nevertheless, for many operating conditions, the en-
closed current contours were tightly constricted at their cath-
ode attachment giving the impression of a virtual cylindricaf
cathode [71]. ©Not only would a conical cathode be better from
a geometrical simulation point of view, but the forced con-
striction of ail the current to a smaller area may bear .
favorably on the cathode emission factor, discussed below.

It has been emphasized that proper quasi-steady opera-
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tion involves certain gasdynamic considérations as well as
current conduction pattern stabilization. In addition, one
of the most important, and perhaps the most troublesome as-
pect of this technique is the proper simulation of the elec-
trode processes--emission, potential falls, and heat transfer.
The desirability of thermionic emission of electrons from the
cathode, both from the point of view of MPD simulation as
well as improved overall efficiency, has been discussed in
Chap. 3. Attainment of this emission mechanism will ulti-
mately depend on the length of the current pulse and on the
current density distribution over the cathode.

Although the cathode may get hot enough on the tip for
thermionic emission, it is reasonable to expect that the bulk
of the accelerator (insulators, anode, supporting structure)
will not reach thermal equilibrium conditions comménsurate
with the arc operating power. This is unfortunate from the
point of view of exact simulation of the steady state thruster.
However, this same characteristic is a distinct advantage when
considering quasi-steady opefation at power levels much higher
than steady state operation. In fact, the;principle restric-
tion on the maximum length of a high-current pulse may be
based upon temperature limitations of the accelerator compo-
nents. This is anticipated to be of the order of several milli-
seconds, which is considerably longer than the present capac-

itor bank capability.
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V. SYSTEM REQUIREMENTS

In the above discussion, frequent reference has been
made to the time constant of a particular event or the timing
between several events. Since the distinction between a
steady phenomenon and a transient one resides in the time
scale by which the event is observed, the appropriate time
constants of the problem will now be defined and the experi-
mental requirements for proper quasi-steady operation ex-
pressed in this framework.

There are three characteristic times associated with
the output of the capacitor bank and the subsequent electro-

dynamic plume development (see Fig. 4-6):

g = the duration of the flattop current pulse

2} = the rise time of the current to its.steady
value

7. = the tilme from current initiation until

stabilization occurs
An additional time of interest associated with the current

pulse is

'% = the time which relates to the onset of
thermionic emission from the cathode
In comparison to these, the following gasdynamic times

are of interests

zﬁ = the interval over which the mass flow rate

into the arc chamber is constant
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T, = the time required for the mass flow rate into
the arc chamber to reach its steady value
T = the time required to reach a steady pressure
in the arc chamber after the mass flow rate
into it has become constant, i.e., the time
from when the mass flow rate into the chamber
is constant until the mass flow out of it is
also constant
I = the time necessary to get additional mass
through the discharge region after the initial
mass distribution has been disturbed by the
transient phase
T = the time from mass flow initiation until cur-
rent initiation
In terms of these, the requirements of the Qas in-

jection system can then be summarized:

kY

t <T so that during 7, the pressure dis-
tribution in the vacuum tank does
not increase enough to compromise
the space environment requirement
(T — QJ > g so that after the arc chamber pres-
sure has reached its steady value,
there is a constant mass flow rate

for the duration of the current

pulse
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(T + T') < T 50 that the current pulse only occurs
after the steady state arc chamber
pressure has been reached. However,
it is best to keep Tb close to its
lowest acceptable value in order to
maintain the background pressure as
low as possible.

Thus, if these several time constants are of commensurate
magnitudes, there remains an interval ( TQ) during which
reasonable simulation of steady operation should prevail.

With these general requirements stipulated, the follow-

ing chapter will describe the development of the experimental

apparatus necessary for proper quasi-steady operation.
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CHAPTER 5
SYSTEM DESIGN

With the motivation and general requirements for a
quasi-steady accelerator established, the following chap-
ter will describe the development of new techniques and
the extension of familiar ones to meet these requirements.
Chapter subdivision is based on the three principle ele-
ments which contribute to the final configuration: current
pulse-forming network, mass injection system, and accel-

erator geometry.

I. CURRENT PULSE~FORMING NETWORK

The power supply used throughout the experimental‘
program is the same bank of 40 x 3.2 pfarad capacitors
described previously. This bank, which is physically
arranged in four lines of ten each, is used as a trans-
mission line rather than a lumped capacitér supply in
order that the resulting current waveform be protracted
and flat. Thus, for an equal station—ﬁo—station-inductance
between each capacitor, three distinct pulse amplitudes and
lengths are provided depending on whether the four lines‘
are connected in parallel, series-parallel, or series

combinations. For the initial set of inductors used with
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this capacitor bank, nominally 0.2 ;ﬁiénry,eabh, the available
currents are 138 kA, 78 kA, and 42 kA, However, in order
that the lowest current from the capacitor bank overlap
the highest operating range of the steady state accelerator,
an alternate set of inductors are employed. With these units,
nominally 18 uHenry each, the current range is extended
down to values of 17.5 kA, 8.7 kA, and 4.4 kA. Hence, the
complete driving current waveform capability and associated
flattop current pulse length ‘g are as shown in Fig. 5-1.
The current rise times 2; are primarily due to the connec-
tion inductance between capacitor bank and accelerator,
and since this value is adjusted to produce the fastest
rise time without overshoot, it in turn reflects the inter-
stage inductance. Thus, each of the three higher currents
has a 2 psec rise time while each of the three lower cur-
rents has a 15 usec rise time.

A typical cUrrent waveform delivered by the capacitor
bank to the accelerator is shown in Fig.‘5—2a.‘ This signal
is the integrated output of a Rogowski coil [65] placed
around the insulator between anode and cathode. Since the
characteristic output of a Rogowski coil is a voltage pro-
portional to the time rate of change of magnetic flux
threading its coils, it is thus proportional to the time
derivative of the current. Integration to display the total
current is performed passively with an RC integrator at the 6scillo-

scope, the integrator time constant producing: the slight signal decay
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observed in Fig. 5-2a. In all cases, fhisrtime constant
is adjusted to be ten times longer than the integration
time of interest.

In Fig. 5-2b, this same 17.5 kA pulse is shown on
a much longer time scale. The ringdown behavior observed
in this figure is the characteristic pattern when the
source impedance is much higher than the load impedance.
Although only the first half-cycle of the current waveform
is of interest in this experiment, this overall ringdown
pattefn reflects the poor energy transfer from bank to dis-
charge typical of such an impedance mismatch. For the case
shown, the load impedance is approximately 0.01 2 and the
source impedance is 0.57 §2 , so that the discharge repre-
sents nearly a short circuit to the power supply. In this
situation, the pulse line performs as a fixed current source,
independent of the discharge development; i.e., the mismatch
provides the advantadge of allowing a prescribed flattop cur-
rent pulse to be generated without the cbmplication of the
discharge dynamics distorting this current waveform. If
the source and load impedances were comparable, the result-
ing nonlinear interaction between the power source and dis-
charge dynamics would necessitate extensive circuit compli-
cation in order to realize a desired current waveform.
This latter topic, including the effect of various source-
to-load impedance ratios, has been studied in detail by |

other experimenters [72,73].
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I1I. MASS INJECTION SYSTEM

With stabilization of the current conduction pattern
on an appropriately short time scale clearly demonstrated
for both ambient prefill and injected gas modes of opera-
tion, the principle problem remaining is the design of a
gas handling system to satisfy the previously enumerated

requirements on mass flow and time scale.

A, Early Systems

The results of fast ionization gauge measurements
with the early shock tube injector shown in Fig. 3-6 can
be used to assign limiting values to some of the charac-
teristic times. These measurements indicate that the cold
gas pressure profile propagates both radially and axially
at the approximate rate of 6 in./msec}’ In order that the
environmental tank wall does not interfere with the natural
development of the‘éxhaust plume, the first half-cycle of
the bank ringdown should be completed before the gas front

can propagate to the wall. For the large plexiglas tank,

lThe millisecond time scale of this and other gasdynamic
processes involved in the accelerator is in sharp contrast
to the microsecond time scale characteristic of the plasma-
dynamic events. This distinction will be shown to be es-
pecially important in connection with the synchronizatioh

of discharge current and mass injection pulses.
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this limiting time is 3 msec. Since thé longest available
flattop current pulse at present is approximately 600 usec,
it follows that the longest acceptable delay time between
gas injection and current initiation, 25, is 2.4 msec.
From the definitions of the various delay times, this im-
plies that the sum of the mass flow rise time, Z&, and the

subsequent chamber pressure stabilizing time, ZA, be at

most 2.4 msec. If the sum of TR and ZA can be made less

than 2.4 msec, then ?b should be decreased also and not kept
at its maximum allowable value. In this way, the minimum
amount of neutral gas will be admitted to the tank before
triggering the capacitor bank.

The shortcomings of electromagnetic valves in ful-
filling the above requirements have already been discussed.
In particular, long rise time and steadily decaying reser-
voir pressure render these unacceptable for a long-pulse
mass injector. )

The most effective means of satisfying the require=-
ments for abrupt initiation of a constant mass flow rate
has been shown to be a shock wave. Specifically, it is
possible to utilize the pressure reservoir behind the head-
on reflection of a shock wave from the end wall of a shock
tube to drive gas through injection ports in the end wall
at some constant rate [74]. The duration of this constant

mass flow rate is usually limited by the arrival at the

end wall of the wave resulting from the interaction of the
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reflected shock with the contact surface. It should be
noted, however, that the constant mass flow time character-
istic of the continuum gas flow rapidly decreases if the
initial pressure in the driven section is continuously
lowered due to the formation of a highly diffuse initial
shock wave. Figure 5-3 shows the x-t diagram for an ideal,
continuum gas in a one-dimensional shock tube. The driver
and driven gas are assumed to be the same and initially at
equal temperatures. The figure shows the conventional di-
vision of gasdynamic regions by number, and subsequent nu-
merical subscripts refer to these flow regimes. Region 5
is the reservoir of high pressure, high temperature gas,
processed by both the incident and reflected shock waves,
which can be used to provide an inflow to the discharge
chamber.

It should be recalled, however, that neutral density
measurements perfo;med on the gas pulse produced by the early
shock tube configuration revealed no steédy Pressure phase
occurring in the electrode region. Instead, the profile
rose steadily through the pressure range of interest. 1In
part, this effect can be attributed to the diffuse wave
structure associated with the low initial pressure in the
driven section, the latter allowing mean free paths larger
than the tube dimensions. In addition, the long, small diam-
eter connecting lines from the shock tube to the arc chaﬁber

introduced a strong viscous effect which attenuated and
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diffused any distinct propagating pressure profile. The
combined effect of these two factors was the observed:

monotonically increasing pressure history.

B. System Modification

Two possibilities were considered for modifying the
initial shock tube configuration to achieve the desired
mass injection characteristics. The first of these makes
use of a shock tube whose initial driven section pressure p,
is maintained at a continuum level, about 1 torr. In order
to do this without setting the same pressure throughout the
entire system, the injection holes between the shock tube
and the discharge chamber must be kept small. The speed of
the 6-in. diffusion pump would then be sufficient to main-
tain a simulated space environment in the discharge chamber
and exhaust tank. This technique has the advantages of a
short mass flow rise time since the shock wave will be thin
and well defined, and is simpler to implement technically
because it does not require an external switch in the dis-
charge circuit. However, it has the disadvantages that the
extremely low back pressure capability of the facility will
be sacrificed due to the leakage flow, and that it cannot
provide the large mass flow levels desired for quasi-steady
operation at high currents because the injection ports must
be kept very small,

The alternate approach is to pump out completely the
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driven section as was done before and éllow the pressure
pulse to propagate into an ambient wvacuum. Such a system
will have the advantage of an improved space simulation
due to the low back pressure, and because the injection
hole diameter is not constrained to be small by. leakage
flow considerations, a broader range of mass flow rate is
accessible. The disadvantages are longer mass flow rise
time and the consequent need for a separate switch to delay
the discharge until the flow reaches a steady level. Addi-
tion of a switch to the discharge circuit considerably com-
plicates the design and operation of the facility because
of the requirement for precise mass and current pulse
synchronization.

Because of the technical simplification of avoiding
a switch, and with the hope that the gasdynamic disadvantages
would not be overriding, the continuum shock tube approach
was selected for Ehe first attempt. The tube consisted
of a 2.37-in. diameter by 7.5-ft long pléxiglas driven
section and a 2.37-in..diameter by 2.0-ft long aluminum
driver section. The diameter was selected such that the
anticipated flow rates would not deplete the pressure in
the reservoir of processed gas by more than 2 percent. The
length of the driven section was chosen to provide a con-
stant mass flow rate for at least 1 msec, based on ideal
shock tube calculations. The length of the driver sectién

is unimportant in this application since the rarefaction
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propagates too slowly to participate iﬁ establishing the
reservoir conditions. The driven section end cap contained
six 0.31~in. diameter holes equally spaced on a 2-in. circle.
By mounting the shock tube directly behind and coaxial with
the cathode, the six connection lines between these holes
and the 0.030-in. diameter injection orifices at the dis-
charge chamber could be reduced to 0.75-in. lengths. Thus,
any constant reservoir conditions resulting from this oper-
ation could be transmitted to the discharge chamber with
negligible distortion.

With a 35 psia driver pressure, the diaphragm material
found best was a 3-mil soft-tempered aluminum foil. This
foil was tested to withstand a maximum pressure differential
of 38 psi. Thus, when the driver was pressurized to 35 psia
and the foil mechanically ruptured, a repeatable,.clean
petalling of the diaphragm was produced. Although soft-
tempered foils normally did not shatter, a coarse mesh screen
was installed 4 in. downstream of the diéphragm to prevent
accidental plugging of the injection orifices. A 2,25-in..
diameter ball valve was also installed imﬁediately downstream
of the screen to allow diaphragm changes without venting the
large vacuum tank. A schematic of the complete shock tube
assembly is shown in Fig. 5-4,

Extensive testing with this system showed that it was
inadequate for two reasons. First, the discharge chambef

pressure during the constant mass flow phase of the injected
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pulse was too low for self-triggering t§ occur, i.e., when
self-triggering occurred (Tb ~ 2 msec), the constant mass
flow plateau of the injected mass pulse had already passed
(tk =Xz 2 psec and th =~ 500 psec). If Py and the diameter
of the injection holes were increased to raise the reser-
voir and chamber pressures and thereby decrease the delay
time, the back pressure also increased due to the leakage
flow, further compromising the space simulation. Second,
even this delay time was found to be irreproducible to + 1
msec, whereas the tolerable error based on known values of
t& and l} was + 0.1 msec. This irreproducibility was felt
to be due to the sensitive dependence of the self-triggering
discharge initiation process on the Paschen breakdown pres-
sure for this particular electrode geometry. The compound-
ing of these two additional problems with the antiéipated
disadvantages of low mass flow rates and increased back
pressures completely precluded further utility of this
system.

One useful result derived from this first shock tube
configuration was the establishment of the characteristic
time for the discharge chamber pressure to adjust to a new
flow rate in response to a change in reservoir pressure.
Using the same ionization gauge, placed at the anode orifice,
2A was found to be 300 jusec, a value applicable to the final
gés injection system since the chamber geometry remained fhe

same.
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C. Final Configuration

With the "continuum" mode of shock tube injectien
shown to possess delay time problems as well as a funda-
mental inability to satisfy the mass flow requirements, the
somewhat more cumbersome, but basically more versatile switch
triggered mode of the second shock tube class discussed above
was undertaken. In this case, the switch is necessary be-
cause the larger mass flow rates from this system producé
chamber pressures well above the breakdown limit before a
steady flow rate can be reached. Since the use of such a
switch in previous experiments has provided a dependable and
reproducible operation, its proper implementation should also
eliminate the delay time irreproducibility found in the self-
triggered mode.

The shock tube used for this mass injection config-
uration was the same basic unit used for the centinuum system
(see Fig. 5-4), although the initial driven section pressure
was four orders of magnitude lower. The\only exceptions were
the opening of the injection holes to pass a larger mass flow
rate and the addition of the external switch. Because of
space limitations imposed by the large diameter shock tube
mounted directly behind the cathode, the switch was located
external to the accelerator in series with the hot conductor
from the capacitor bank. Both the switch and its function
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