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\ ’ l""'j.
e I. ABSTRACT

_\__\Tho overall aim of the present three-year research program
is thqf'tudyrot interaction between plasmas, whose parametars are
typical of high specific power, high specific impulse devices,
and various conducting and insulating surfaces. This study is
‘ carried out using metallic and dielectric surfaces arranged
poerpendicular (facing upstream and downstream) and parallel to
the plasma stream supplied by a quasi-steady MPD arcjec. These
phenomena, when they have been investigated at all, have been
studied under the parameter constraints of particular devices,
usually under conditions of poor diagnostic accessibility. The
present study is carried out under conditions that allow batter
diagnostic examination of the plasma-surface region with the
ability to vary plasma parameters, flow relative to the samples,
electrical conduction to the (metal) samples, etc. The aim is to
delineate the basic physnics of plasma-surface interacticn under
conditions applicable to the design of space power and propulsion
systems. —-

~

In the first phase of this work the basic experimental
apparatus has been assembled and tssted. This includes a 0.6 by
6 m cylindrical vacuum tank and a 20 kJ pulse forming network
capable of asupplying a 150 us pulse. Preliminary tests have been
carried out in the system using 2 plasma railgun that produces
plasmas with temperatures cf about 7 eV and flow velocities of
the order of 2 ca/us. Spectroscopic, rasfractive, and probe
nmeasurements have been made of the flow from the gun and in the
space between the electrodes. The MPD arcjet has been built and
is ready for inatallation in the systenm.

In the early part of the second phase of the work, the
arcjet will be installed and tested; the downstream plasma flow
will be examined and its parameters (temperaturas, composition,
density, fiow velocity, etc.) will be correlated with the
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variation in the discharga energy and other parameters of the E{,C
thruster. This work may also be extended to the plasma in and ;ﬁ
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near the thruster, thus providing information about the
mechanisms of the MPD arcjet itsalf. In the major portio:. of
this sacond phase, we shall introduce the surface samples and

undertake the systematic study of interactions with the plasma
flow.
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II. INTRODUCTION

The number of defense-related systems in space and their
level of sophistication has increased greatly over the past two
decades since such systems first became practical. It is
relatively caertain that the number and mass of such systems will
continue to increase over the foreseeable future. This being the
case, a rapid improvement in our prime space power and thruster
technology is called for in order to make such defense systens
practical froa a technological and economic point of view. As
history has shown with sea and air power, those craft that can be
deployed further and remain on station longer with high system
capability can control larger portions of their mediun, whether
ocean, air, or space.

For rocket thrusters, whether chemical or electric, the
change in the velccity of the spacecraft is prcportional to the
logaritha of the ratio of initial to final mass. The constant of
proportionality is the exhaust velocity of the thruster. Since
logarithms vary quite slowly as a function of their arguments and
low fuel mass is, in any case, desirable, clearly it behooves us
to consider thrusters capable of quite high exhaust velocities.
Further consideration of the problem in terms of specific power
(defined as the power available to the thruster divided by the
spacecraft mass less the fuel mass) shows that under optimal
conditions the specific power and exhaust velocity are function-
ally related (Pgp « U2gypn/t) Where t is the mission length or
burn-out time. The highest exhaust velocities are thus practical
only when high specific power is also available, or when long
mission times are contemplated. At projected levels of specific
power, the particle energies in the thruster will be in the range
of 10-50 eV, with plasma temperaturas of a few electron volts. .

Electromagnetic thrusters are analogous to motors where the
working fluid plays the role of the armature. As is the case
with motors, the flow of energy can be reversed so that the
device can also act as an electrical power source or csnerator.
In either case, solid surfaces must be used to channel the
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working fluid which will be a plasma with temperatures in the
range of 0.5-10 eV and directed energies per ion in the range of
0.5-100 eV. Whether or not this desirable range of particle
energies can be empioyed in a reliable flight-worthy system
depands critically on the behavior of dielectric (e.g., taflon,
nylon, boron nitride) and metal (e.g., coppsr, brass, tuigsten)
gurfaces in intimate contact with the plasma environment. A
practical laboratory assessuent of such kehavior depends on a
knowledge of the physical mechanisms at work ir the interaction.
This ie not just a question of measuring damage rate; the
electrode sheath details determine the voltage falls which
critically affect specific power and can also play a decisive
role in waste heat production and erosion rate. Thus, in order
to achiave optimal system performance, the nature of plasma-
surface interactions under conditions of interest to space power
and thrust devices must be understood both qualitatively and
quantitatively.

e ey

In order to carry out this study, metal and dielectric
samples can be mounted in the downstream flow from a quasi-
steady MPD arcjet whose plasma properties (temperature, composi-
tion, flow speed, density) are known and can be varied by varying
the location of samples in the plasma stream and by varying the
pover to the arcjet and the propellant gas from which tks plasma
is formed. As shown in Fig. 1, the samples can he mounted with
their surface planes parallel or perpendicular (facing upstreanm
or downstream) with respect to the plasma flcw. This geometry
and mounting location, convanient to optical and access ports in
the vacuum vessel, constitute an idsal arrangement for detailed
diagnostic work.
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III. SCIENTIFIC DEFICIENCY

In a useful reviev paper (Ref. 1) F.G. Baksht und
V.G. Yur'ev discuss theoretically some of the lengths of interest
in plasma-solid interaction: the Debye length that <efines the
gone of non-neutrality separating a materiai wall from the

| plasma; the Langmuir sheath length that describes the expanded

region of space-charge present when a current flows to the
electrods; the energy relaxaction length for formation of a
Naxwellian distribution for the electrons; the recombination
length over which an equilibrium between ionization and
recombination is established; and the temperature relaxation
length over vhich the heavy particle component of the plasma
relaxes to the electron temperature to complete the thermal
equilibrium. Thase lengths and their ordering, which depend on
the mean free paths for interaction between electrons, ions and
neutrals, define tche physical processes that take place in the
sheath. 7This manner of conceptualization provides a very
convenient scheme for understanding elactrode and wall phenomena.
Experiments to show the effect of electrode geometry, material,
surface preparation, etc., on the details of sheaths and boundary
layers have not been carried out. The experiaental understanding

of these phenomena is necassary since processes in practical

pover and thrust devicer are blended in a highly non-linear way
that precludeas accurate | rediction on the basis of siwmple
theory. The theoretical tools that one needs to understand
experimental data are at hand; what is lacking are the data,
gathered in such a way that simultaneous processes can be
disentangled and device-specific phenomena recognized as such.
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IV. PROGRESS

In order to be able to operate the NPD arcjet for ten's ol
nicrosreconds without a significant degradation of the overall
vacuum, it was necessary to construct a large vacuum tank. This
tank is a stainless steel cylinder, € meters long with a 61 cm
inside diameter. The total volune is 1460 liters. The tank has
twvo coaxial 35.6 cm diameter diagnostic ports for an optical
clear view through the test section, and one 15.2 cm diameter
port orthogonal to the other two. 1In addition, there is an
| electrical feed-through port and two 7-inch diffusion pump ports
at opposite ends of the tank. The vacuum pumping equipment
consistoc of one mechanical roughing pump, a Welsh Duo Seal
Nodel 1375, rated at 1000 liters/min, two 6-inch oil diffusion
pumps and two backing pumps. BEach diffusion pump is topped with
a 7=inch gate valve and a liquid nitrogen cold trap with a
pumping speed of 2000 liters/sec for water vapor. The oil
diffusicn pumps are also rated at 2000 liters/sec. The base
vacuum of the systeam monitored by ionization gauges, is of the
ordar of 10”6 Torr. The general layout of the tank is shown
in PFig. 2.

The energy storage system and pulse foraing line to power
the MPD arcjet consists of a S-section voltage-fed synthetic
tranemission line having a 0.75 Oum characteristic impedance.

The total energy stcrage is 22.5 kT with the capacitors charged
to 20 kV. The output pulse risetime and decaytime is 8% of the
design pulse width of 185 us. At maximua operating voltage, the
short-circuit output current is 27 kA. 7he pulse-forming network
inductors consist of a single-tapped solencid wound on a 14.6

diamneter nylon zod. The system is switched by a single GL-37407A ﬁ
ignitron triggered through a 1:1 aircase isolation pulse trans- Iﬁ
former. The primary winding of this transformer is driven by a lr
6-stage SCR Marx generator which is in turn triggered via TTL &
logic with selectable intexr=) delay timer and corresponding sync &S
outputs to provide appropriate time derays for 4d.agnoatics. N,
The capacitors are mounted on individual shelves in a portable %
shielded steel enclosure and are connected to the pulse-forming g
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OPTICAL PATH

FIG 2. VACUUM TANK WITH ARCJET AND SAMPLES
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network inductor through 6 mm copper tubing. A current shunt
at the noutput of the pulse-forming network allows the output
current to be measured.

Using a modified Princston design, an NPD arcjet was fabri-
cated to serve as the prime plasma source f£or the plasma-surface
interaction experiments. This device has a 2 percent thoriated
tungrton cathode (center electrode) of 15 ma diameter and an
anode of oxygea-free copper. Gas is admitted through a series of
ports in a ceramic insulator. This arcjet, shown in Prig. 3, is
reandy for installation in the vacuum systea in time for the
saccnd year of effort.

While the NPD arcjet was being fabricated, a railgun
triggered by a pulsed plasma t* uster was installed and preli-
ainary diagnustic measurementa werse made. (This work coordinated
well with a separate project fc:. AFRPL an a aew thrmster
concept). Nagnetic probes were constructed using 40 turns of {28
insulated copper wire wound on a 1 mn diameter mandrel. Ths coil
leads were tightly twisted. The coil was then removed from the
nandrel, and impregnated with polystyrene, and then cemented onto
an acrylic rod4 to insure constant orientation. The coil-tipped
rod waAs then inserted into a 3 mm OD pyrex sleeve, sealed at one
end. 1The axis of tha field-sensing coil is perpendicular to the
axis of the pyrex sleeve. The probe signals were integrated by a
100 MHs band width balanced Qifferential integrator having an
emivalent 6-7 us integration time constant. For calibration,
the railgun was shorted at the muzzle end and the time resolvad
response of each probe was recorded along with the output of the
capacitor bank/pulse-foraing line. In tais way a matrix of in
situ calibration factors was obtained for various probe loca-
tions. The short was riow removed and a set of time-resolved
probe responses was obtiained between 10 and 16 ca downstrean
from the railgun breech for probe channel penetrations of 1, 2,
and 3 cx. These are shown in Fig. 4 as percentages of the cali-
bration signal at times corresponding to beginning, midpoint, and
tail «nd of the pulse.
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Initial spectroscopic efforts have also been made on the
railgun-pulsed plasna microthruster source. Using a 1.2 meter
spectrometer, the relative intensity of the Ha line and the
4810.14 X lins of zinc were measured as a function of distance
from the cathode. The results of these measurements are shown
in Fig. 5. Figures 6 and 7 show the time-resolved relative
intensity of the hvdrogen and zinc lines respectively. Prelimi-
nery interferometric measurements on the railgun/PPT plasma have
bean mad: using a He-Ne cw laser. These measurements indicate an
average number density of 3 x 1014 cm~3 near the muzzle of the
railgun.

Measurements have been made downstream of tha railgun using
single-electrode Langmuir probes. The shot-to-shot reproduci-
bility was sufficiently good that, by placing the probes at
different longitudinal stations, being careful not to put the
downstreanm probe in the wake of the upstream one, piasma directed
velocity could be measured. This was about 3 cm/us. Owing again
to the good reproducibility, it was pcssible to measure the slope
of the current-voltage curve and determine the electron tempera-
ture to be about 7 eV. Measurement of the saturation current for
both ions and electrons yielded a plasma density of 1013 cm™3
which is consistent with the order of magnitude higher density
measured upstreanm.

12
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V. DISCUSSION

The study of plasma-surface interactions in specific devices
faces a several difficulties. Separate physical phenomena may
occur coincident in space and time as a result of features
peculiar to the device or the electrical pulse used with it.
Also, the geometrical arrangement of MKD channels and coaxial
thrusters precludas convenient diagnostic access. For these
reasons, we are examining plasma-surface interactions under
conditions that allow individual physical processes to be
delirneated and in a geometrical arrangement where diagnostic
access is optimized. For example, having explored the downstream
properties of the MPD arcjet plasma in the abssnce cf samples, we
can then introduce various samples with their planes parallel to
the plasza flow and measure, by spacially-resolved diagnostic
nethods, the variation of ion and electron tamperatures, density,
and composition as the surface of the sample is approached. By
using telescopic optics and making the surface of the sample
slightly convex to avoid looking through edge aftects, the
effects of hoat transfer to the sample in a viscous turbulent
boundary layer can be measured as well as the scale of the
vorticity associated with the boundary layer. Current flow to
the metalliz sample can then be applied to see the effacts of
charge transfer. The current can also he »ade to flow along the
face of the insulator samples in order to study ablation. The
current lavel can be increased from a value where no local plasma
acceleration is experienced to a value wvhere the Lorentz force
produces a strong perturbation on local conditions. By varying
power to the MPD arcjet, type of gas supplied to the jet, sample
material and geometrical arrangement, and electrical power
supplied to the samples, the whole range of plasma-electrode-
insulator interaction phenomena of intersst can be modelad.

The Debye ‘ength that scales the thickness of the non-
neutral layer separating a wall from the bedy of the plasma will
be much laess than the characteristic dimension of surface
roughness of the wall for most cases of interest. For local high
temperatures and/or lower densities, these two lengths could

16
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kecome comparable which would lead to highly non-urifosrm electric
fields and the likelihood of fine cathode spots and enhanced
erosion. large cathode spots can also appear at higher densities
owing to instability in the formation of the current sheet. This
. concentration of the current to some critical current density
§ then leads to local heating of the cathode to the point ‘“:hat
3 electron emission is strongly enhanced and the arc settles into a
stable cathode spot. In this way, enhanced erosion due to spot
formation may be the result of hydromagnetic instability or entry

into a critical regime of density and temperature for a given
total current.

The nature of the cathode emission mechanism is also of
great interest. For work functions of cathode materials much
less thar the ionization potential of plasma ions incident upon
the cathode, tha chances are good that the impacting ion will
capture an electron from the cathode and be re-emitted diffusely
as a neutral which may then ba reionized in the body of the
plasma just outside the cathode fall zone. After breakdown, the
voltage across thc current sheet me2y be 100 volts or so, wheraas
the energy necessary to ionize the re-emitted atom may ba of the
order of 50 volts when all associated processes have been taken
into account. Moreover, if the densities are sufficiently low
such that the incoming ion can carry its high speed associated
with the directed energy of the plasma into the cathode, then,
owing to the diffuse re-emission, this component of momentum will
be lost and the result will be 1 severs viscous drag on the
plasma. This will not occur, howevar, if the flow is collisional
outside the boundary layer; in that case the axial momentum of
the ion will be lost before it reaches the cathode surface. If
the plasma density is high (n > 1017 cm~3) and is composed
mostly of high-Z material, then a sufficient flux of photons
with energies above the photoelectric threshold may be available
to cause electron emission by photoelectric affect. Thus there
may exist an optimum point in operating a“C{iciency that depends
on the balance of emission mechanisms.

17
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I+ may not be practical to adjust the balance of amission
mechanisms by optimizing the atomic nurmber of the plasma.
Irnstead, it mav be possible to rearranga the ordering of various
characteristic lengths. For example, if atoms of cathode
material could be ionizad before exiting the boundary layer,
then they could return to the surface quite near thueir point of
origin such that the roughening and erosion of the surface might
be reduced (for a homogeneous cathode material).

The Debye and Langmuir sheath thicknesses as well as the
viscous boundary layer thickness all scale as 1/n.*. The mean
free path for ionization scales as 1l/ng, thus higher electron
densitier near the cathode are more likely to lead to conditions
favorable tn retaining neutrals emitted from the surface. The
question is, cin we achieve enhancement of electron density near
the cathode? The answer to that question may explain why the MPD
arcjet appears to enjoy such a favorable mode of operation. 1In
this device, the cathode which is the outer coaxial electrode
experiences a plasma flow onto the cathode surface owing to the
geometrical arrangement of the device. Thus the electron density
in the cathode sheath will be enhanced ovsr fres-stream values.
We can test this idea with our surface szamples in an cptimal
geometry for diagnostics.

This can be done by orienting the entrance slit of our
spectrometer perpendiculz. to the surface of the sample and
intersecting it. We will then cbserve the spectral lines of
various species to have different heights depending upon the mean
free path for ionization. With good tslescopic optics the
spatial resolution can be quite fine. We can examine the mean
free paths of different species in a single «vent by employing
alloy samples. 3rass would not be a partirularly good choice
since copper and zinc are so similar in mass, however 5 kt. gold
would do quite nicely. By measuring the relative intensity of
Au and Cu spectral lines as z function of distance trom the
cathode and as a function of time using the framing and streak
cameras, we should be able to gain information on the electron
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density profile near the cathode surface and may be able to
visualize the local flow field in some detail.

Figure 8 depicts a sample located at arbitrary oriertation
to the flow from an arcjet. The sample is mountsd on ar x-y
tranclation staye with remote vacuum feadthroughs so that sample
position can be changed without breaking vacuum. Spectral
enission £fr - m ablated surface atoms and from the ambient plasma
is observed normal to the sample surface with a high resolution
spatial~tenporal spectroscopic system. The spectroscopic system
consists of a simple lens, two turning mirrors mounted on an x-z
translator, a 1.2 meter visible spectrograph anrd output to either
£ilm, photomultiplier tubs, or the RDA microchannel plate ampli-
fied fast framing camera. Spatial resolution of less than 10(
mizrons is provided by movement of the turning mirrors and/or by
tha use of the movable slit mask as shown.

In the early phase of the next year's work (second year
of the three-year program), the MPD arcjet powered by the 20 kJ
pulre-forming network will be installed In the tank and the flow
velocity, density, and temperature of the downstream plasma will
ba determined as a function of space, time, and ensrgy supplied
to the arcjet. 1In addition, the radiation froam the plasma will
alszo be determined as part of the general environment in which
the samples will be tested. A separate power source (capacitor
bark) will prcvide current and voltage to the metallic surface
samplas for tests involviag electromagnetic interactions (J¥o0).
Elactrodes mounted on either side of a dielectric surface can be
used to provide cuirant parallel to the plane of the surface,
with charges in the orientation of k3% (relative to n) achieved
by varying :l.e return path of the current-carrying circuits.
S‘milarly, electrode interactions can be studied by using an
aaxilliary electrode appropriately configured to avoid disturbing
the experimental conditions near the metallic test sample.
Changes in reiative magnetic pressure would follow from changes
in tha currant level at the surface, holding the plasma pressure
constant. Magnetic Reynolds number Ry would be variea by
changing the dimensions of the sample and/or the flow speed.
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1.2 METER SPECTROMETER

)

74
V MOVABLE
SLIT MASK

EXIT G)
SUT

0

RDA BAST FRAMING
CAMERA

MIRROR

LENS

ARCJEY

Fig. 8. This shows a schematic of the optical diagnostic access
to the surface sample. The slit mask defines the
spatial resolution, the spectrometer prcvides wave
length resolution, and the RDA camera pruvides
time resolution.
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The diagnostic technigues used in the study include:

1. QOptical photography - RDA has assembled a two-frame micro-
channel plate image intensifier camera systew that will have a
resolution of 25 line pairs/am and a variable sxposure time of

S ns to 100 ns with any desired inter-frame delay. The light
gain is 7-15x103. In addition, we have purchasad a Hamamatsu
streak camera with 20 ns to 500 us streak time per full frame and
a light gain of 3x103. These instruments, purchased with RDA
money, will be usad to observe the plasma flow relative to the
sanples and to observe the formation of lumincus boundary layers
near the surface under various test conditions.

2. Qptical spectroscopy - will be used to identify the composi-
tion of the plasma near the surface. For sufficiently strong
lines spatially-resolved spectroscopy will be employed and the
Hamamatsu streak camera will ba used to gain temporal resolu-
tion. Line broadening technigues will be used to corroborate
density and temperature measurements obtained by other means.

3. Lasex diagnostics - A owv laser will be used as the light
source for schlieren, interferometry and light absorption
neasurcments.

4. lanumuir probes - will be used to monitor the plasma poten- §

tisl near the test surface. Nesasursments of potsntial difference

between local plasma and electrodes provides the fall voltages g
§
X
N

¢

associated with current conduction. Differences in potential
within the plasma can be used, under certain conditions, to
provide information about electron pressure gradients and local
flow speeds.

5. Magnatic probes - will be used to map the magnetic field
distribution and thersby to infer current densities as a function
of space and time in the plasma. Segmentation ol an alectrocde
surface might be used to estimate the space ard time behavior of
current conduction to the zurface.

}

fl

6. Piezcalactric pressure probes - will enable the measurement ¥
of static and dynanic pressure in trausient plasmas. These Y
21 §
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neasurevyents will probably be useful only as a secondary corrobo-
ration of data obtained by other means, however, in light of the
nodest effor:, it is worthwhile.

7. PBolomatar ~ bolometric measurements of UV flux to the
matallic sample surfaces will be used to correlata other data on
the electron anission mechanisa from cathodes.

For each combination of sample and plasma material, plasma
parametars, and interaction mode, the above range of diagnostic
toachniques will be applied in an attempt to measure each quantity
by twe independent seans. In this way data will be collected
that will enable conclusions to be drawn concerning refinements
in the design of space power and thrust devices. It is antici-
pated that the basic energy exchange processss associated with
charge and mass transport at plasma-solid interfaces will bae
delineated in the course of these¢ measurements. The cathode fall
will be measured as a function of local plasma density. The
balan~e batween ion impact and paotoelectric effect under
conditions applicable to pulsed and quasi-steady electric
thrusters will be clarified. On the dasis of these findings,
means and methods will be devaloped in the third year of this
contract vhereby efficiency and lifetime of space power and
thrust devices may be optimiszed.

The effort in the present year will be focused cn cwasuriag
downstream properties of plasma from the MPD arcjet and taking
data on the surface saaples. The third and final year will
be devoted to completing the data collection and, in conjunction
with theoretical mcdeling, to applying the results to device-
specific problems.

We might note that with the MPD arcjet in place and a
battery of formidable diagnostics at hand, it would make good
senae to explore the plasma properties inside the arcjet even
though this effort would represent a digression from the main
object of the plasma-surface interaction study. Formation of

22
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the current sheet, homogeneity of the current 4istribution,
temparature, composition and density distribution, could all be
studied since the geometry of the MPD arcjet, while not as ideal
as that envisioned for the asurface samples, is not overly
restrictive for diagnostics.
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generated current passing through the inhomogeneous boundary
layer.
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arc in which the dynamics of evaporated electrode material
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6. N.A. Sanders and E. Pfender, J. Appl. Phys., 55, 714 (1984).
This paper reports a detailed study using Langmuir probes of
the anode fall in constricted and diffuse argon arcs. The
currents involved are of the order of 102 amps with electron
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that the fractional power loss to the anode ia an inverse
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around the anode in order to compensate the lower plasma 7
density. . q
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correlation of fractional anode power loss to arc power is
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in the plasma at high powers which partially decouples the
heat conduction into the anode sheath.
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cathode of a coaxial plasma gqun and the subsequent diffuase
reflection of a neutral into the plasma cause an effective
viscous drag that limits the attainable plasma velocity
under conditions of low density.

C.T. Chang, Plasma Phys., 13, 1067 (1971). ‘This paper
discusses the effect of wall friction on the current-sheet
speed in a magnetically driven shock tube and concludes that

the experimental results are consistent with the mechanism
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APPENDIX
"Multi-Stage Plasma Propulsion"
by

P.J. Turchi, C.N. Boyer, and J.F. Davis

in

Proceedings of the 17th IEPC
Tokyo, 1984

This ~aper resulted from the use of diagnostics
and facilities developed under both
AFOSR and AFOSR sponsorship.
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MULTI-STAGE PLASMA PROPULSION

P.J. Turchi, C.N. Boyer and J.F. Davis
R & D Associates
Washington Research Laboratory
Alexandria, VA USA

Abatract

A strategy for introducing electric
propulsion into the U.S. inventory of
techniques tor near earth missions utilizes
the spsce-operational pulsed plasma micro=-
thruster (PPT) in conjunction with addi:ional
stages of acceleration and/or mass addition.
Such multistage plasma propulsion would
allow thrus: power to increase with the
increased availability of space-electrical
pover, without having to change thruster
physics. Theoretical considecations suggest
possible modes of operation, including
the transition from slug acceleration
to surface ablation by varying the slectrode
dimensions. A series of expariments are
also reported that explore three thrusters,
comprising pulsed acceleration of PPT
plasma to 4 x 10* w/s by a long second
stage-thruster, and guasi-steady ablation
of additional Teflon plasma in second-stagas
with short electrodes. The latter thru-tcr:
provide plasaa speeds of 1.7-2.5 x 10
m/s with nearly constant average particle
fluxes for the duration of the current
pulse (150 usec after the 2PT transient).

Introduction

The development of a family of electric
thrusters based on the pulsed plasma micro-
thruster (PPT) involves the use of additional
stages of electrical energy input*. There
are two basic approaches. The initial
plasma from the PPT can be accelerated
to a higher average wpeed to zchieve higher
specific impulse and greater system effi-
ciency. Alternatively, the PPT exhaust
stream can be used to initiate an electrical
discharge over an insulating surface to
increase the system mass flow by ablation,
thereby increasing the total system thrust.
In both approaches, to avoid additional
switching, the stages subssquent to the PPT
would be activated by the arrival of the
PPT plasma. Variations in current pulse
duration and geometry would allow the
envisioned family of thrusters to comprise
simple plasma slug accelerators, pulscd
tharmal arcjets, and quasi-steady MPD
arcjets. In the last instance, the use
of ablation to create the necessary mass
flowwould allowoperation without repetitively
pulsed propellant valves. The preasent
paper reports recent theoretical and experi-
mental efforts at the RDA Washington Research
Laboratory examining various aspects ot
multistage plasma propulsion. Theoretical
discussions range fromsimple slug acceleration
ao0deling to ceonsideration of distributed
plasmas and currents. Experimental wortk

tests throe examples of second-stage thruster
operation.

Acceleration of tha PPT Plasms

The simplest form of multistage plasma
propulsion consists of the PPT injecting
a slug of plasma between two rail-alectrodes
that are connected to a ¢’ [ged capacitive
power source. The capaci:: e source could
be trickle-charged betwsen PPT firings
(in the manner of a photographic flash
attachment) and could utilixe capacitor
elements of the same type used previously
by microthrusters on actual long term
space missions. If the PPT exhaust is
directed in a perpendicular fashion across
the rail gap (Fig. la), then the PPT merely
provides mass (and a means of initiating
current flow in the second-stage). The
kinetic energy of the PPT exhaust is thus
discounted in this example. Accelerzation
of the injected plasma along the rails
is describad by the usual set of lumped-circuit
equations in which the electrical impedance
of the accelerating plasma discharge is
expressed as the rate of change of circuit
inductance. By nondimensionalizing the
equatjons, a single dimensjonless paramcter
ie obtained that determines the discharge
dynamics:

M2

vhere E, = initial capacitor energy
inductance change per

unit length of plasma motion
plaama slug mass

(Lo/C)? = initial circuit
impedance

r
M
L

In Rigq. 251 the kinetic efficiency,
€Ea mu /I,CV° ¢ (for an exhaust speed
u = Bul/P developed in the second-stage
thruster) is seen to rise quickly as the
dimensionless dynaaic parameterg is increased
to about =3y less rapid gains are achieved
with higher values of g. (In these calcu-
lations, the dimensionless speed, u, achieves
its peuk value before the computatztion
is ended).

If the PPY plasma is directed parallel
to the rails, (uw = wy, # 0) but spread
across the rail gap to initiate current
flow, az shown in Fig. 1lb, then hl_‘er
efliciencies are obtained because the
moving plasma presents a higher initial
(dyrnamic) impedance to the powsr supply.
As shown in PFig. 2b, the kinetic efficiency
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Pig 1 - Conceptual diagrams of plasma
injection from PPT into second-stage
thruster:

&) injection acrcss gap (eliminating
PPT momentum;
b} injection along electrodes to

increase initial dynamic SOREE!
) impedance;
; c) injection along second-stage
: insulator to initiate ablation pjg 2 - Results from normilized lumped-circuit
for mass-addition. calculations:

a) Bfficiency of plasma slug acceier-
ation versus dimensionless dynamic
parameter B for case of rero
initial streamwise motion.

e D e rechus hiiat norartined
B: PorY Vacuum speed w,uu F/28, for case of B
, =0 =3, Flow speed doubles in the
X 3econd-stage for w, = 0.3t.
; ‘ot = B Peak
i x 4 Center Of Mass
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Fig 3 - Expansion of a semi~infinite Fig 4 - Expansion and recollection of a
magnetized plasma into & field-free plasma slab driven by a constant
vacuum. A centered expansion fan magnetic field. The contact
in the xt-diagram shows the surface indicates the boundary
spread of the current conduction . between high density plasma
region with time, and vacuum if the PPT injection

could stop abruptly.
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tm LBW2 - w,2) can exceed 55V , while
doubling the exhaust speed of tle plasma
sluglug = 36)) the results shown are
for B = 3. 1In dimensional variables,
the simple slug acceleration model indicates
that specific impulse values in tha range
of 1500 sec should be possible with system
efficiencies in excess of 50%. Such values
are not especially remarkable for electric
propulsion techniques, but are encouraging
as improvements on an existing space-tested
thruster.

Por near term missions (i.e., near
earth ys outer planets), the optimum specific
impulse based on available specific power
valuds (o =» 30 w/kg) will probably not
exceed 2000 sec, The primary virtue of
electric acceleration of the PPT exhaust
plasma, therefore, is improved thrust
efficiency. Such improvement has two
aspects: 1) the increase in time—-averaged
dynanic impedance assoc iatedwith acceleration
of an initially moving plasma; and 2)
the preferential acceleration of slower
plasma that is emitted later in time by
the PPT. The latter aspect recognises
that the PPT tends to provide two components
of plasma. A fast component due to the
PPT discharge is observed to exit the
picrothruster followed by a slower component
associated with the continued ablation
of the PPT fuel surface. The specific
impulse is thus obtained as a temporal
avarage over flow speeds that are higher
«nd lower than optimum; it would be useful
to reduce the velocity spread to achieve
higher system efficiencies.

Acceleration of the distributed PPT
plasma in the second-stage may be considered
in terms of expansion of magnetized plasma,
In Pig. 3, a semi-infinite plasma (x£0)
is allowed to expand into a field-frees
vacuum (x20). The plasma density may
be calculated at any time and position
from adiabatic expansion thrcugh a centered
expansion fan. If the plasma resistivity
is low, the magnetic flux will tend to
convect with the plasma mass, so the spreading
density gradient will correspond to a
current distribution. At x=0, sonic conditions
are maincained, so the dwuinstream evolution
of the plasma discharge can ba modeled
by the downstream expansion fan even if
the semi-infinite magretiszed plasma is
replaced by a source of plasma from the
PPT. (Resistive diffusion at the entrance
to the second-stage is necessary to extract
magnetic flux from the second-stage pover
circuit). The expansion fan analysis
then indicates that about half the current
will be carried in the downstream plasma
discharge, while the remainder will Zlow
near the inlet to the sacond-stage. If
the injected flowdensity drops substantially,
then a "contact surface” between the previously
injected plasma and this low density flow
will accelerate and swhep up the earlier
plasma. Por sufficient length of rails
(about 15 times the effective "length®
of the injected PPT plasma) a single
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plasma siug would exit the second-stage,
The expansion and recollection ol plasma
in the second-stage is depicted in Fig. 4.

1¢f the rail length is significantly
less than the distance needed to recollect
the plasma, then it would be more appropriate
to consider magnetic diffusion (ys adjatatic
expansion) as the mechanism establishing
the discharge distribution. With proper
insulation, acceleration of the plasma
vill cease slightly beyond the end of
the rails and all the plasma injected
into the second-stage should experience
about the same change in momentum. To
the extent that this momentum change is
much greater than the initial momentum
of the slower component of the PPT exhaust,
the second-stage should exhibit a more
uaiform exhaust velocity and thereby achieve
higher efficiency at a desired specific
impulse level.

Genaration of Aigher Thruat at Fized I..

To obtain higher thrust ut a fixed
value of specific impulse, mass addition
is necessary. A conceptually simple approach
utilises the PPT to initiate an arc over
an insulating surface that then ablates
due to the heat £flux from the plasma discharge
(Pig. 1c). The mass flow into the discharge
thus depends on the local plasma current
density, which in turn depends on the
flow through the discharge. The physical
situation resembles the flams z0ne over
a s0lid propellant surface and will depend
quantitativelyon thedetailsof the electrical
resistivity and thermal conductivity of
the flow as it changes from vapcr to highly
ionized plasma. Some qualitative insight,
however, for purposes of the present cis-
cussion, may be obtained by examining
the equations govarning the ¢ischarge
distribution downstream of the region
of plasma formation.

The basic equation for thre current
distribution may be written as a balance
of convection and liffusion of magnetic
field:

Dg (PB) . V25
Dt py
where the convective derivative is
based on the electron fluid speed and
a constant resistivity n downstream of
the "flame sone® has been used for simplicity.
If the plasma density is sufficiently
hiah (electron current drift speed <<plasma
flow speed), then the plasza flow gspeed
can be substituted for the electron fluid
speed (thereby eliminating tensor current
flow and elactrode polarity effects from
the MHED analysis); the electron pressure
gradient term has alreaudy been neglected

in the generalized Ohm's law used to obtain
this equation.

In steady-astate, and allowing only
one d.mension of spatial variation (J.e.,
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streanvwise), the convective ys diffusive
balance becomess

4 (uB) . N a?
daz H g;§

vwhere a uniforwm mass flow, Ps=pu,
is invoked in order to eliminate mass
density from the equation. In solving
this equation, the streamwise location
cf the downstream boundary value (B=0) is
specified (or computed). If this location
is specified, for a given upstream boundary
condition (BuB, at s=4, the downstream
edge of the flame zo0ne), then the current
density corresponding to tha current in
the downstream region is determined.
Bigher flow velocity tends to convect
magnetic flux downstream, increasing the
current density near the B=0 location
at the expense of upstream positions (s>8).
The current density, resistivity, and
uzb at s=4 then provide the electric field
that seta the volumetric heating rate
of the plasma near the ablating surface.
A portion of this heating supplies the
energy needed for ablation and ioniszation,
thereby scaling the mass flow rate. The
lower the mass flow rate, the higher the
fiow speed for a given magnetic driving
pressure and the greater the tendency
to concentrate portions of the current
near the downstream Bao0 boundary location
and in the flame zone. (Ablation driven
by increased resistive heating in the
“flame zone" can then compensate by raising
the mass flow rate).

For a given maximum magnetic field
(i.e., total current), placement ¢f the
B=0 boundary further downstream lowers
the current density and thereby lowers
the dissipution that is providing wmass
flow to the plasma discharge. Thus, if
the electrode rails of the second-stage
are too long, ablation of the second-stage
propsllant slab may be insufficient during
the current pulsetime from the power supply.
Starvation of the discharge may then lead
to electrode erosion (which is not the
desired mechanism for mass addition).
Such starvation may be mitigated by the
continued influx of slower material from
the PPT. The operation of the second-stage,
however, would then rasemble the expansion-
accoitration mode discussed in the previous
section.

Proper operation of the second-stage
to provide mass addition therefore requires
the minimum length of electrode rails
consistent with the lateral dimension
of the PPT exhaust. Since it is often
the case that currents can be sustained
in plasma flows that serve as extensions
of physical (solid) electrodes, it is
also important to avoid accelerating the
PPT exhaust plasma out of the second-stage
before ablation can replace the PPT mass
flow. The rise time of current in the
second-stage, therefore, should approxi-
mately match the pulsewidth of the PPT

exhaust., Too short a risetime can 1ift
off a current sheet of PPT plasma (plus
initial ablation) from the insulator (in
the manner sought for successful operation
of some pulsed plasma guns). If the
risetime is too long, howaver, the PPT
plasma may splash downstream and severely
shunt the insulator surface discharge.

Experimantal Tests

Three experimental test series on
multistage plasma propulsion have been
conducted at the RDA Washington Research
Laboratory. The first series corresponds
to tha case of flow acceleration in a
second-stage with long electrode rails.
The second series urilized short electrodes
to achieve higher masas flow rates by ablation,
and a third series shortensd the electrodes
further to concenirate current flow near
the inlet. 1In all tests, an actual P
from the Lincoln Laboratories production
for the LEE-8/9 mission was used to inject
plasma between electrodes connected to
a charged pulse-forming network (PFN).
The PFN is a 5-section voltage-fed synthetic
transmission line with a 0.75 ohm charac-
teristic impedance., The total stored
enargy is 22.5 kJ with the capacitors
charged to 20 kY. The output pulge risetime
(and decay tim ) is 8% of thedesign pulsewidth
of 185 usec. At maximum operating voltage,
the short clicuit output current is 27
kA. A series ignitron switch is included
in order to isolate the PFN from the experi-
mental apparatus until the PPT plasma
is ready to enter the second~stage; (this
switch is for experimental convenience).
In the present experiments, aseries resistance
of 0.75Q was included to prevent current
reversal in the second stage.

The PPT and second-stage are stationed
ingide a 0.6 x 6 meter tubular scein’'ess
steel aacuu- vessel that is evacuated
to 10™° torr prior to thruster operation.
In the vicinity of the thruster, the vessel
is lined with Mylar. Several ports are
available for probe feedthrough and optical
diagnostic access. PFigure 5 provides a
sketch of the basic apparatus. The geometrias
of the secound-stage systems are shown
in Figures 6 and 7, long-rail and short-rail,
respectively. The inlet-rail geometry
is the sume as the short rail system except
that the electrodes are cut back to the
inlet region and Pyrex sidewalls prevent
the lateral expansion of flow in the thruster.

long Rail Expsriments

The long rail second-stage consisted
of a brass anods and cathode aach 6 mm
thick. The anode w&s 28 cm long, the
cathode was 23 cm long and the anode-cathode
separation was 8.7 cm. All electrode
edges were rounded with a 3 mm radius
to reduce field enhance. :nt. The effective

.
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width of the ancde and cathode was 3.9
cm, This was maintained by two vertical
acrylic dielectric channel walls that
eztended to the endes of the electrode
system. Slots 1.5 mam wide cut into the
upstream end of the cathode aliowed plasma
from the PPT to pass through the cathode
and cross the face of a 6 mam thick Teflon
insulator. The Teflon finsulator was inclined
at an angle of 4%° with respect to the
central axies of the electode systex.
Plasma frowm the PPT was directed through
a copper channel to the entry slots in
the top of the cathode surface. A matrix
of holes through the cathode beginning
at 8 cm from the cathode-Teflon junction

rovided entry ports for magnetic E;grobal

nto the plasma channel. Both anode and
cathnde rails wvere secured to acrylic
sheet 1.27 cm thick by means of ceramic
standoff insulators. The upper and loser
acrylic sheets were in turn secured to
each other by means of nylon rod insulators,
Blegtrical connection to the anode and
cathode was provided by braided copper
straps covered with Tygon tubing, The
tubing provided an insulating cover that
prevented electrical hreakdown between
the vacuua chamber wall and the anode,
and between anode and cathode.

Magnetic probes were conatructed
using 40 turns of $38 insulated copper
wire wound on a 1 mm diameter mandrel,
The coil leads were tightly twisted,
The coil wes ti.en removed from the mandrel
and impregnated with polystyrene. The
coil was then cezmented to an acrylic rod
to insure constant orientation, The coil-
tipped rod was then inserted into a 3
mam OD Pyrex sleeve, sealed at one end,
The axir of the field-sensing coil is
perpeadicular to the axis of the Pyrex
sleeve, TFor calibration, the rail gun
was shorted at the muszzle end and the
time resclved response of each probe was
recorded along with the output of the
caf.cttor bank/pulse~forming line. In
this way a matrix of in situ calibration
factors was obtained for various probe
locations. The short was removed and
a set of time-resolved DProbe responses
was obtained between 10 and 16 cm downstream
from the inlet to the second-stage for
probe channel penetratjions of 1, 2, and
3 cm.

As the discharge current rcse in
tne second-stage, after injection of the
PFr? plasma, magnetic field was detected
rapidly at successive downatream locations
of the magnetic probes. The plasma speed,
indicated by time-of-arrival of aignal,
at the probes, !s approximately 4 x 10
n/s8. At 16 ysec into the currant pulse
pulse, over 80% of the total current is
carried more than 15 cm downstream of
the plaama inlet. At later times, however,
this percentage drops to 70t {(t=96 usec)
and 3508 (t=156 usec) indicating shunting
of the current at positions closer to
the inlet and second-stage Teflon insulator.

A SRR MY

Since interferometric mcasurements indicate
that the PPT plasma pulse should be complete
after about 20 usec, the gradual shifting
of current upstream ma,; be ascribed to
ablation of the Teflon insulator. With
the long-rail electrode system used in
these tests, it therefore appears that
the PPT plasma i{s rapidly swept down.tream
resulting initially in rather low current
density near the second-stage insulato..
Coutinued heating, however, gradually
creates enough mass Zlow to shunt current,
{but by this time the current pulse in
the present experiments is nearly over).
Time-resolved spectroscopy indicates that
Ha intensity drops off more rapidly (after
the first 20 usec of operation) than In
I intensity, suggesting that electrode
erosion may provide plasma for current
conduction before sufficient ablation
of the Teflon insulator occurs. (The
HG may be due to the surface contaminants
blown out by operation with the initial
PPT plasma)., To achieve faster ablation
of the second-stage insulator, a second
series of experiments was performed with
sherter electrode rails,

Short Rail Rxpsrimants

The anocde and cathode of the short
rail second-stage were constructed from
0.9 mm thick tantalum sheet., Bach elect:rode
was 4 c¢c» wide with the downstream end
formed into & ¢ mm diameter cylinder to
reduce £ield enhancement. rield snhancement
from the sides of the electrodes “as reduced
by burying the metal edges in ceramic
support rails o> a depth of 3 mm. The
rail supports maintained the 4.6 cm anode-
cathode electrode separation. A solid
Teflon rod 5 cm aguare with one end face
cut at 45° with respect to the central
axis of the bar was located betveen the
electrodes. The exposed (flat) lengths
of the anode and cathode were 3 cm and
8 cm respectively. Slots 3 mm wide in
the cathode electrode just above the Teflon
10d provided entry ports for plasma from
the PPT., Plasma reached these slots by
passing through a conical chute in a Teflon
block tht: swcured the short rail second-stage
to the PPT, Blectrical connection to
the second-stzge eleactrodes was provided
by braided copper conductorsa. Teflon
tubing 6 mm in diameter slipped over the
conductors prevented plaswz discharges
betweaen the experiment chamber and the
braided copper anode les2d and between
anode and cathode leads.

The goul of the short rail two-stage
thruster experiments was higher thrust
at approximately the same specific impulse
as the PPT by means of additional mass
ablation at the second atage insulator
surface. The PPT was operated at 1875
V with a stored energy/shot of 30 J.
As reported previously, this device ablates
approximately 30 ug/shot of Teflon (CF,)
with a specific impulse of 1100 sec and
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an average impulse bit of 300 unt-loc.3

sher work also indicates ion exit velocities
of 2.8 cw/ sec lﬁf anh exit plasma ionixzation
level of 20-40N.

The second stage was operated with
a % kv chatge on the PPN, Pigure 8 shows
a typical cutrrent trace and Pigure 9 a
typical voltage trace. The current risetime
is 13 usec to 3-3,25 kA, The plate voltage
rises initially to about 430 kV and then
falis to about 250 V in approximately
S0 usec. Integration of the product of
current and voltage indicates that the
total anergy %leposited in the second stage
after the PPT transient (t>40 usec) wa»
about 110 J,

In order to diagnose the shourt rail
erformance, two Langmuir probes wvere
nserted 13 and 33 cm downstream of the

end of the electrodes. The probes were

made of tungsten wire 0.127 mm diameter

and 1 sm long held in a aeazled Pyrex tube,

If the probe bias is sufficiently more

negative than the £loating potential (measured

to bo.:F = 435V with second-stage cathode
t

round 0 the vacuua tank) the ion current
bls saturated at a level given (for T =T,)
Y

RT. L
Iion,sat ® sp‘“o(!ﬂi)

where sp = probe area
ng = electron density
Te = electron tamperaturs
M = wmass of the ions

With the two probes operating in ion current
saturation, identifiable probe signatures
during the middle and latter portions
of the current pulse indicate a quasi-steady
Plll’l stream velocity, ug,, of 1.7-2.5
z 10° m/s. Pigure 10 shows typical ion
saturation currents for the two pirobes.
The observed curronts are continuous and
relatively constant for the duration of
the discharge indicating a constant ablation
and acceleration of material out of the
second stage.

The directed jon velocity (plasma
stream voloctt{) may be on the order of
the ion thermal speed vhich would imply
that the ion current collected at the
probe is strongly dependent upon the probe
orxientation in the plasma stream. To
estimate the charged particle density,
we therefore use the electron saturation
current, If the probe bias is higher
than the plasma space potential, V., the
electron cug:cnt collected is saturated
and given by

T
Io 1sat - sp.no (;TF;.T

vhere n, = sass of electron, Preliminary
measurementd of the electron temperature,
Ty,e of 2-8 eV imply uﬁfloct on density at
p’obo 1 of 1.4-3.! x 14 e/cn’ and at probe
2 of 3.%5~7 2 1012 “e/cm’. (Previous measure-
ment or the exit plasma temparature from
the PPT, assuming Tg=Ty, indicated 7.2 &),

The total mass of material ejected
by the second stage can be approximated
by assuming T, and the degree of ionization
o are conlt‘nt at the probe positions,
The lower current at the probe further
downstream would then be due simply to
expansion of the flow (i.e., thersal and
angular spread of the exhaust jet). If
a linear expansion is assuwmed from the
exit plane of the second-stage, then the
half-angle of the exhaust divergence is
approximately 16°, (Por Teflon, M= 16.7ANU,
this divergence would correspond to a
*thermal*® oncrgy of about 7 eV). Th!
total mass flowing through the 18.4 o=
exzit plane of the sscond-stage is then
estinated to be 50-72 ugq, cuunl‘:g Te
=7 aV, a = 308, and u = 1,7-2.5 10% w/s.
For the assumed speed, the ‘!Rfl" bit
is therefore 1 = 0.83-1.8 x 10 nt-sec,
and the kinetic energy divided by input
electrical energy is 6.6-20.5%.

It should be noted that the estimated
impulse implies $ driving pressure of
about 2.9-6.1 x 10° Pa, while the magnetic
pressure in %Po second-stage should be
about 1-2 x107 Pa, The energy for the
flow may thus have aubstantial electrothermal
contributions, In the present experiments,
insulating channel walls on each side
of the Teflon insulator were not used
in order to force ablation only of the
Teflon. The electrically-heated plasma
may therefore be abla to expand laterally
as well as axially downstream. The total
mass ablated per shot could than be up
to three times larger than gstimated from
the Langmuir probe data. If the total
mass flow could be channeled downstream
bx sidevwalls (as in the PPT), then the
kinetic efficiency of the second-stage
might exceed 60%, with a total impulse
in excess of 5.4 x 107~ nt-sec.

loleat=Rall Expaziments

In the third series of tests, the
lengths of the electrodes of :he short
rail system vere decreased to 0.3 cm for
the anode and 1.3 ca for the cathode (which
has the inlet screen for the PPT plasma).
The second-stage channel dimensious were
maintained by substituting Teflsn in the
area formerly occupied by ths electrodeas;
also, sidewalls of Pyrex were added to
eliminate any lateral expansion of the
plasaa. The net effect nf these changes
is to concentrate the plassa and current
density near the second-atage insulator
and thereby to enhance ablction. Pigure
11 displays the wvoltage and current record
for a discharge with the PPN charjed initially
to V, = 1S kV. The voltage trace is similar
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to the lower energy (V, = $ kV) test,
but the curcent is how about 9.5 RA,
Ton saturation cuzrent, measured 40 cm
downstrean of the thruster exit, is shown
as a function of time for the same shot
in PFigure 12. Tests at lower initial
valtage (V, = %5 kv, 7 kV) indicate that
the ion saturation current scales as the
PPN energy, suggesting that the energy
per tticle iz remaining constant, (which
would B¢ expected for processes irvolving
ablatjon and ionisation). At lower system
energy., it waa possible to obtain the
fall probe charactecristic and thereby
estimete the plasma temperature (and also
obtain a density measuremant “hat is less
sensaitive to flow direction). Proam the
slupes of the probes current betwesn floating
and plasma potential, the temperature
appears to be about 7 eV; the difference
between floating and plasma potentiala
for the Teflon plaama indicates the same
valne, The divergence of the exhaust
is also consistent wath an ion temperature
of 7eV. It appears then that plasma conditions
are very similar to both the previous
short rail tests and the earlier microthruster
ozperiments by other gioups. Tha difference
in the stolcnt experimeatal series is
the use of a current pulse that is maintained
longer and at a constant level by means
of a PFN.

Por the inlet-rail tasts, at the
highest initial V,, the plasma density
at exit is oaé‘ltt.d to be n, = 1.3
¢ 10%° e¢/ca’, which would imply an ablated
sasa of 300-730 ug, if an ionization lavoi
a = 0.3 and flow speeds of 1.7-2.5 x 10
a/8 are again assumed. The efficiency
of convacsion of input electrical energy
to flow kinetic energy would thus range
from 23-72% dcsonding on the values of
a and flow speed. Note that flow kinetic
enetgy estimated using ths charged particle
dens ﬁ{ from probe data depends on the
cube of the flow speed. Nuch better data
are need to obtain an accurate asesasure
of thruster performance.

Concluding Remarks

The principal result suggested by
the data from th) short-rail and inlet-rail
experiments is that a high temperature
ablation arc can be maintained on a Teflon
surface for the duration of the current
pulase. This arc provides a high speed
plasma flow that achieves quasi-steady
conditions (during che 1350 usec pulse
of the present experimsats, at least)
with a specific impulss in the range of
2000 sec. The voltage drop across the
second-stage (~200 V) 1is signiticantly
larger than the csthode fall (~383 V),
80 the ablation arc should be tather efficient
in converting electrical energy to fiow
energy.

Since the impulse per shot is proportional
to the duration of the current pulse,
there should be considerable flexibility

in watching a second-gtage thruster (triggered
by a PPT) to a variety of mission requirements
and power supply limitations. For low
pover missions, such as station-keeping,
the multi stage system should perform
like gronone microthrusters that have
already seen application in space, but
the multi stage devices can have higher
thrust. As higher levels of space prime-powar
become available, the current pulse duration
can be extsnded to match the available
power at the same repetition rate with
the same type of capacitor coaponents
used in the present PPT (so lifetime and
specific power of the pulsed source should
not be a probledr), If still higher powers
are available, higher current operation
would allow magnetoplasmadynamic processes
to become more important, so the aecond-
stage could become a quasi-steady NPD
arcjet (without propellant valves); alter-
natively, steady NPD or thermai arcjet
operation would be possible. In all cases,
end feeding of propellant bars, as in
the PPT, allows the geometry to be preserved
during longterm operation., The present
preliminary work on multistage plasma
propulsion thus indicatass that a single
thruster arrangement cculd be coupled
to progressively higher powers simply
by adjusting a single extenaive variable
(the pulsewidth), maintaining the basic
physical processes of the thruster as
space experience is accumulated.
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