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Exhaust Plume Structure in a Quasi-Steady MPD Accelerator

ADAM P. BRUCKNER* AND ROBERT G. JAHNT
Princeton University, Princeton, N.J.

Spectroscopic and photographic investigations reveal a complex azimuthal species structure in the exhaust plume
of a quasi-steady argon MPD accelerator. Over a wide range of operating conditions the injected argon remains
collimated in discrete jets which are azimuthally in line with the six propellent injector orifices. The regions between
these argon jets, including the core of the exhaust flow, are occupied by impurities such as carbon, hydrogen, and
oxygen ablated from the Plexiglas insulator plate in the arc chamber. Time-resolved spectroscopic velocity measure-
ments, obtained by a scanning Fabry-Perot spectrometer system at a current of 16 ka and a mass flow of 6 g/sec,
indicate an argon ion jet velocity of 1.7 x 10* m/sec, which considerably exceeds the Alfvén critical speed. It is found
that half the observed final velocity is attained in an acceleration region well downstream of the region of significant
electromagnetic interaction. Temperature measurements indicate that simple gasdynamic expansion processes in the
argon jets can only partially explain this acceleration. Although there is evidence of some recombination from ionized
states of the propellent, the energy recovered as directed motion is too small to be responsible for the high observed
velocity. A transfer of momentum from the core flow of ablation products may contribute to the acceleration of the

argon.

1. Introduction

UASI-STEADY plasma accelerators have considerable

potential as thrusters for deep space missions and have
consequently been the subject of substantial research in recent
years.! 8 Much has been learned about the complex physical
phenomena occurring in this class of thrusters, but there remain
as yet many subtle processes which are only poorly understood.
One of these is the exact nature of the acceleration mechanism.
Much effort has been applied to unravel this problem, in
particular through measurements of exhaust velocity
patterns.?**7~% However, results published to date have not been
in agreement. Using a cumbersome spectroscopic technique in
two separate studies on a coaxial argon-fed MPD arc device
similar to the one investigated here, Malliaris et al. have reported
conflicting results.”-8 In the first work argon exhaust velocities of
1.8 x 10* m/sec were measured, while in the more recent studies
they found a limiting exhaust velocity equal to the so-called
Alfvén critical speed—8.7 x 10° m/sec for argon—which has been
proposed by some as a fundamental limit for MPD
accelerators.” ~° Jahn and Clark,? using electrostatic time of
flight probes, have observed exhaust velocities of the order of
2.5x 10* m/sec, which substantially exceeds both the Alfvén
critical speed of argon and that computed from the
electromagnetic thrust relation.!® Tt is the primary task of the
work described in this paper to resolve the controversy
surrounding the exhaust velocity of argon-fed quasi-steady
accelerators by carrying out a series of new velocity measure-
ments.

The pure streaming velocity components in the MPD exhaust
can be measured directly by means of spectroscopic Doppler-
shift methods. Accordingly, a scanning Fabry-Perot interfero-
meter system has been developed, which can record spectral line
shifts and widths on a time scale more than an order of
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magnitude shorter than the length of the discharge current
pulse.!! Although this system permits time-resolved measure-
ments of both velocity and temperature, without disturbing the
exhaust flow or being subject to wave propagation effects, it is
unable to provide local measurements. However, if the exhaust
plume being studied is azimuthally uniform, local values of
velocity and temperature can be obtained by the application of
suitable Abel inversion procedures.!?

Previous diagnostic measurements of magnetic fields,*
potential profiles,®> and impact pressure profiles® in the
accelerator studied here indicated a complete cylindrical
symmetry of these parameters, and consequently it had
normally been assumed that the discharge luminosity patterns
are azimuthally uniform also.!®> However, early experiments
with the Fabry-Perot interferometer suggested otherwise,**
indicating the existence of a complex but regular azimuthal and
radial structure in the distribution of the argon propellent in the
exhaust. The implications of this unexpected plume structure to
the interpretation of Doppler-shift data led to an investigation
ofitsnature and origins.” !-!> This study is summarized in Sec. I11.
The experimental measurement of velocity and temperature
profiles of singly ionized argon, the dominant propellent
specie in the exhaust, is then discussed in Sec. IV. Possible
acceleration mechanisms are considered in the final portion of
this paper.

I1. MPD Arc Facility

The experiments described in this paper were performed in the
accelerator shown schematically in Fig. 1. Briefly, the apparatus
consists of a cylindrical discharge chamber of 12.5 cm diam,
with a 1.9-cm-diam x 2.1 cm long conical tungsten cathode and
an aluminum anode with a 10-cm-diam exhaust orifice, driven by
a 3300 ufdx8 kv matched capacitor line which can be
arranged to deliver a variety of rectangular, nonreversing
current pulses ranging from 4-26 kax 1 msec to 16-100 ka x
250 usec. Argon propellent gas is fed into the arc chamber
through six injectors in the insulating Plexiglas end plate by
means of a fast-acting solenoid valve. The mass flow is controlled
by a calibrated orifice in the valve and by the propellent reservoir
pressure. Another valve provides a gas pulse to the gas-triggered
switch through a tube whose length is adjusted to synchronize
switch breakdown with the achievement of steady cold gas flow
in the accelerator chamber. Some 30 usec after discharge
initiation, the current and magnetic field distributions achieve
a steady state which is maintained until the current ceases.
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Fig. 1 Accelerator schematic.

III. Species Structure of the Exhaust

Considerable information on the structure of MPD arcs can be
obtained from simple spectroscopic and visual observations.! -3
Spectrograms have identified the various molecular, atomic,
and ionic species participating in the discharge, and have
provided clues to the structure of the exhaust. Spectra have been
obtained at several locations in the arc chamber and exhaust
plume, and the following radiating species have been identified:
Al Al AIIL, C,, CII, CIII, HI, NII, OII, and WI, of which AII
is the dominant specie. All of these constituents are contained in
the propellent or materials of which the discharge chamber is
constructed. Ideally, only the argon spectrum should be visible.
The observation of many lines of carbon, hydrogen, oxygen,
and nitrogen indicates that significant amounts of material from
the Plexiglas and nylon components of the arc chamber are
being ingested by the discharge. Of particular significance is the
apparent concentration of ablation products near the centerline
of the exhaust.

These spectroscopic studies have led to a simple method of
determining the species distribution in the exhaust, namely the
photography of the entire discharge through narrow-band
spectral filters selected to isolate certain lines or groups of lines
of the various radiating species.!! By using a number of different
lines of sight it has been possible to discover the three-
dimensional distribution of each radiating constituent. Because
of the quasi-steady nature of the discharge over most of the
current pulse the photographs were recorded by simply opening
the camera shutter for the duration of the current pulse. Both
color slides and black and white prints were obtained in this
manner.

With each filter used in these studies the discharge was
photographed along five different lines of sight at the nominal
operating condition of 16 kax 1 msec at 6 g/sec argon flow.
Two views through an interference filter of 10 A bandwidth,
which transmits the prominent 4879.9A line of All, are shown

b) END VIEW

a) PERSPECTIVE VIEW

Fig. 2 Discharge at 4880 A, showing distribution of AIL. J = 16 ka
h = 6 g/sec.
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a) PERSPECTIVE VIEW b) END VIEW

Fig. 3 Discharge at 5910 A, showing distribution of CII and C,.
J = 16 ka, m = 6 g/sec.

in Fig. 2. The distribution of singly ionized argon exhibits a
complex six-jet azimuthal structure related to the location of the
mass injectors (which can be seen faintly in the end view). The
argon jets maintain their identity at least three anode orifice
diameters downstream of the anode face. (This is not evident in
the reproductions in this paper, but is clearly visible in the
original negatives.) Not surprisingly, photographs at other AII
wavelengths reveal an identical luminous structure. By observing
the shock wave patterns generated around a spherical glass probe
positioned in and between the luminous argon jets it is deduced
that streamlines of argon flow lie parallel to these luminous jets
and that there is very little argon in the spaces between them,**+*?
This observation is corroborated by photographs of the exhaust
plume obtained at other lines of sight, and by additional
spectroscopic studies in the near ultraviolet and infra-
red.11,14‘,16,17

From the preceding it can be deduced that the regions devoid of
argon must be occupied by the ablated impurities. This is indeed
the case. Figure 3 displays two views of the discharge through
a 5910 A interference filter of 75 A bandwidth, which transmits
the 5889.97 A and 5891.65 A lines of CII, and the tail of the C,
Swan band system whose head is at 6191.2 A. The concentration
of luminosity near the centerline of the exhaust is clearly visible.
Figure 3b provides an end-on view of the azimuthal structure of
the carbon impurities, indicating that it is the ablation pattern at
the Plexiglas back plate of the arc chamber that leads to the
complex species structure in the exhaust. Molecular carbon
(C,) is confined within the arc chamber and is found
predominantly in the bright luminous star-shaped region (Fig.
3b) which extends about a cathode length from the Plexiglas base
plate. There is no C, in the exhaust plume downstream of the
cathode tip. The prominent axial jet seen to issue from the
chamber in Fig. 3a consists of singly ionized carbon, CII. This
specie isalso found in the luminous star above the base plate, but
occupies primarily the annular space between the cathode and the
six injectors. The distribution of CII in the exhaust plume has
itself a star-shaped cross section similar to the luminosity at the
base plate. It fills the core of the flow and the gaps between the
argon jets.

With the aid of spectroscopic data and other photographs
through various spectral filters and at different viewing angles,
it is determined that the other heavy impurity species, OII and
NII, have the same concentration profiles as CII, and that
hydrogen is found throughout the entire exhaust plume, even to
some extent within the argon jets.

Operation at Other Conditions

In an effort to determine the effect of arc current and mass flow
on the exhaust plume structure, a series of photographic
experiments such as described previously was carried out at
currents from 4 to 32 ka and argon mass flows of 3-12 g/sec.
Interesting effects were observed and are discussed else-
where.!!5 In general, the exhaust exhibited varying degrees of
species separation at all but highly overfed conditions. The
structure was most sharply defined at the so-called “matched”
operating conditions.
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Fig. 4 Fabry-Perot interferometer system.

Ablation Phenomena

As has been already noted, the unusual species structure of
the MPD exhaust is a result of the ablation of the Plexiglas
insulator plate in the arc chamber. This ablation takes about
150 usec to become fully developed, so that during the early
stages of the arc discharge the exhaust does not exhibit a species
inhomogeneity. The exact ablation mechanism remains uncertain
but there is evidence that radiation and conduction effects are
equally important. Recent investigations have demonstrated that
the mass injection geometry has a strong influence on the
insulator erosion. A search for the optimum geometry to
minimize ablation is in progress. Also being investigated are
various refractory materials which have better ablation resistance
than Plexiglas.!”

IV. Velocity and Temperature Measurements

The discovery of the complex species structure in the exhaust
of the MPD arc requires a reinterpretation of the time-of-flight
velocity data of Ref. 2. In particular, the reported centerline
exhaust velocities of 2.5 x 10* m/sec are seen to correspond to the
velocity of the light ablation products, rather than of the heavier
argon propellent as was earlier believed. The spectroscopic
Doppler-shift technique described below can easily measure the
pure streaming velocity of the argon, but the lack of cylindrical
symmetry in its distribution in the flow precludes the reduction
of the data to purely local values by the standard Abel inversion
techniques. Nevertheless, the rather well-defined collimation of
the argon jets does allow a deduction of average velocity and
temperature as functions of axial distance within the individual
argon jets.

Experimental Apparatus

The high spectral resolution (~0.05 A) necessary to detect
velocities of the order of 10* m/sec and temperatures of the order
of 1 ev is easily achieved with a Fabry-Perot interfero-
meter.? 18720 The instrument used in the present investigation
is capable of scanning operation by means of a piezoelectric
translator, at a sweep rate of about 0.003 A/usec, with an over-all
finesse of about 25. The interferometer and its supporting
optics are shown schematically in Fig. 4. Light from the discharge
is directed by mirror M; to the objective lens L;, whose focal
point lies on the discharge axis. The mirror can be adjusted about
both horizontal and vertical axes to obtain the desired line of
sight through the exhaust plume. Lenses L, and Ly reduce the
beam diameter by a factor of four, so that only the central portion
of the Fabry-Perot plates is used. Mirror M; directs the interfero-
meter output to the lens L, which focuses the center of the
scanning fringe pattern on a 0.8-mm-diam pinhole, PH. Lens
L;s collimates the light from the pinhole for passage through a
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10 A bandwidth interference filter, IF, which selects the 4879.9 A
line of AIl. An RCA 1P28 photomultiplier tube detects the
scanned fringes. A TRW pulsed argon ion laser provides the
reference wavelength at 4879.9 A against which Doppler shifts are
measured. Its output is expanded by lens system Ly—L, and
superimposed on the discharge light by means of mirror M, and
a clear glass beam splitter, BS. A set of polarizers, PL, and
neutral density filters, NDF, is used to control the laser intensity.
The entire system is enclosed in a sound absorbing metal box
atop a heavy optical table which is vibration isolated from the
floor of the laboratory. All measurements carried out with this
system were confined to the nominal arc operating condition of
J=16ka, m =6 g/sec.

Surveys at 90° Lines of Sight

Extensive radial surveys were carried out at four axial
positions, 4.6, 10.9, 15.9, and 30.6 cm from the anode exit plane,
with the lines of sight perpendicular to the discharge axis. A
typical spectral line profile obtained with the line of sight passing
through two diametrically opposed argon jets, 10.9 cm from the
anode, is shown in Fig. 5. The trace is the scan of the 4879.9 A
spectral line of AIl by the interferometer system at a time about
600 usec into the discharge current pulse. The spectral line
exhibits a characteristic Doppler split which results from the
opposed radial velocity components of the two argon jets
intersected by the line of sight. The small trace under the central
minimum corresponds to the reference wavelength of 4879.9 A
provided by the laser.

Measurements of line intensity off-axis, both above and below
the centerline at the four axial positions investigated have
identified the loci of maximum jet luminosity. These loci turn out
to be straight lines inclined at 15° to the axis and are reasonable
first approximations to the average flow direction in each argon
Jet.

Surveys at 75° Lines of Sight

Another series of Doppler-shift velocity measurements was
made at five additional axial stations with the lines of sight at

LOCUS OF MAX. 4880 A LINE
INTENSITY IN ADJET

ARC CHAMBER

Fig. 6 Lines of sight used in 75° velocity measurements.
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an angle of 75° to the discharge axis, passing through two
diametrically opposed jets (Fig. 6). These lines of sight are thus
approximately perpendicular to one of the jets and make about
a 60° angle with the other. The observed split line profile should
therefore consist of a shifted and an unshifted component. This is
evident in Fig. 7, obtained with a line of sight crossing the axis
16.8 cm from the anode face. The “unshifted,” more intense
peak on the left corresponds to the far jet, intersected at ~ 90°
while the smaller, blue-shifted peak on the right corresponds
to the near jet intersected at ~ 60° The small line profile under
the “‘unshifted” peak is the laser reference wavelength, recorded
immediately prior to firing the arc. The absolute Doppler-shift
between the laser reference and the near jet is somewhat less than
that between the two jets, indicating that the true “average”
velocity vector of the argon in the jets makes an angle somewhat
greater than 15° with the axis.

Once the velocity components at 75° and at 90° to the axis are
known as functions of axial position along the argon jets, both
the magnitude and direction of the average velocity vector in the
jets as functions of axial distance can be easily calculated. The
axial variation of velocity along each argon jet is shown in
Fig. 8. The velocity increases from 8.5 x 10® m/sec at x = 5 cm
to ~ 1.7x10* m/sec at x =40 cm, where x is the distance
measured from the arc chamber exit plane. The bulk of the
acceleration occurs within a distance of about 15 cm. The average
jet flow angle increases from ~ 17°at Scmto ~ 20°at 18 cm and
remains constant at ~ 20° thereafter.

It is interesting to note that while at x = 5 cm the velocity is
virtually equal to the Alfvén critical speed of argon, the final
velocity attained is very nearly twice this value. In effect then, the
Alfvén critical speed does not impose a fundamental limitation
on the attainable exhaust velocity.

Using measured values of magnetic field strength, total particle
density, temperature, and flow velocity at x =15 cm it can be
shown that the magnetic pressure is nearly three orders of
magnitude smaller than the gas pressure, which in turn is about
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Fig.9 Development of ion temperature in argon jets.

one order of magnitude smaller than the dynamic pressure.'* It
can thus be safely assumed that x = 5 cm defines the downstream
limit of the electromagnetic acceleration region. Consgquently,
the acceleration downstream of this location, from 8.5 x 10° m/sec
to the final value of 1.7 x 10* m/sec, is not of electromagnetic
origin. The concept of the Alfvén critical speed thus cannot be
applied to the entire exhaust flow of the thruster. The concept
has validity only when applied to that region of the exhaust
where electromagnetic effects dominate, namely upstream of
x =5 cm in the present case. The picture that emerges, then, is
one of two distinctly different acceleration regions—the first of
predominantly electromagnetic origin, which brings the injected
propellent up to the Alfvén critical speed, and the second, as yet
unspecified, which subsequently accelerates the gas to a velocity
much higher than the Alfvén speed. It has been suggested that the
high final velocity could be a result of significant conversion of
thermal energy to directed kinetic energy in the flow.* To test this
hypothesis it is necessary to examine axial temperature profiles
of heavy particles and electrons.

Temperature Measurements

Argon ion temperatures in the jets have been determined from
measurements of widths of the line profiles obtained in the 90°
line of sight surveys. Suitable corrections have been made for
instrumental broadening and the broadening due to radial
velocity dispersion in the jets. Other broadening mechanisms,
such as the Stark and Zeeman effects and microturbulence, are
not significant under the conditions existing in the exhaust plume.
Figure 9 shows the development of average argon ion tempera-
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ture in the jets. The temperature profile can be approximated
by an inverse power law, T; ~ x~**, where x is the distance
from the anode exit plane. It decreases from ~ 1.8 evat x = Scm
to ~0.5 ev at x =30 cm. Electron temperature data in the
exhaust are as yet sparse, however, twin Langmuir probe
measurements in and near the chamber,® and recent double
floating probe investigations at x = 25 cm in the argon jets?!
indicate that the clectron temperature decreases from about
1.7 ev at x =15 cm to about 0.8 ev at x =25 cm, following
approximately a power law of the form T, ~ x~*/2,

Possible Acceleration Mechanisms of Nonelectromagnetic Origin

Calculations based on these temperature data indicate that if
electrothermal conversion is to explain the acceleration beyond
x=25 cm in the plume, almost all the static flow enthalpy
available at x = 5 cm, including ionization and excitation energy,
would have to be recovered as directed kinetic energy. Available
evidence does not justify this conclusion. Besides the fact that the
ion and electron temperatures are not in equilibrium, evidence of
substantial recombination of AII to Al between x = 5 cm and
x = 20 cm, the axial interval where the bulk of the acceleration
occurs, is ambiguous. The neutral specie has been observed
spectroscopically throughout the exhaust, but primarily at the
outskirts of the plume and far downstream beyond x = 36 cm,
where the exhaust velocity has essentially attained a constant
value.!” Since the observed spectra are not time-resolved, it is not
certain that the Al radiation near the exhaust orifice is produced
exclusively during the driving current pulse. There is independent
evidence of considerable afterglow radiation,?? thus the Al
spectrum could in part be produced after cessation of the current
pulse. Alternatively, the Al spectrum could be a result of some
propellent bypassing the discharge region. A definitive evaluation
of the recombination of AIl must await more detailed time-
resolved spectroscopy.

Spectral lines of the doubly ionized specie, AIIl, have been
found in the arc chamber and in the argon jets within about
5 ¢cm from the anode exit.!® Experimental evidence of some
recombination of this specie exists. Assuming three-body
recombination is dominant?® and using a simple quasi-one-
dimensional flow model, it can be shown that less than 109 of
this AIII could recombine to AIl by x =20 cm, under the
prevailing flow conditions. Even if all the ionization energy that is
released were recovered as streaming energy it would contribute
only a very small fraction (< 3%) of the observed velocity
increment. As it is, with the temperatures and densities found in
the exhaust, more than half the available recombination energy
would be lost as radiation from cascading and resonance
transitions which follow electron capture in the three-body
process. Although Al radiation has been observed in the exhaust,
the recombination of AII to Al has not been identified as a
significant contributor to the acceleration in the region between
x = Scmand x = 20 cm. The only remaining energy substantially
available for recovery as streaming motion thus would be that of
the random thermal motion of the ions and electrons which,
even if complete, would contribute only about one-third of the
observed velocity increment downstream of x = 5 cm.

The dominant acceleration mechanism downstream of
x = 5 cm thus remains uncertain. Undoubtedly, electrothermal
conversion and recombination play partial roles, as suggested
previously. One mechanism not yet discussed is a possible
transfer of momentum from the core flow of ablation products to
the argon jets. Existing measurements of centerline velocity
profiles show that the core flow attains much higher velocities
than the argon in the jets, namely ~ 2.5 x 10* m/sec,? probably
asa result of the lower molecular weight of the ablation products.
Furthermore, axial profiles of centerline velocity exhibita relative
minimum in precisely that interval where the argon in the jets
undergoes the bulk of its acceleration, a result which is
consistent with a momentum transfer model. Because of the
complexity of the flow geometry resulting from the species
inhomogeneity, and the difficulties associated with freely expand-
ing flows of high enthalpy plasmas, no attempt has been made to

AJAA JOURNAL

examine the momentum transfer hypothesis of argon acceleration
analytically. This mechanism must therefore also remain purely
conjectural until the problem of insulator ablation is eliminated.
Velocity measurements on an uncontaminated argon exhaust
should resolve the extent to which the presently observed argon
velocity profile is due to interaction with the flow of ablation
products.

V. Conclusions

The physical picture which emerges from the experiments
reported here is that the exhaust plume of the quasi-steady MPD
arc is considerably more complicated than heretofore believed.
The exhaust plume exhibitsa complex species structure related to
the position of the propellent injectors and to the ablation
pattern on the arc chamber insulator. This observation partially
explains the discrepancy in velocity measurements carried out by
different researchers. Previously measured centerline velocities of
2.5 x 10* m/sec on the device investigated here? are now seen to
have corresponded to the central core flow of ablated products
rather than to the argon propellent. The work of Malliaris et
al.”-® is more difficult to put in perspective because it is not
known to what extent insulator ablation occurred in their
experiments. The measurements of argon exhaust velocity
described here have revealed that it attains a value of 1.7x
10* m/sec, considerably exceeding the Alfvén critical speed.
This result agrees closely with the early results of Malliaris’
but not with his subsequent work.® The indications are that
there exist two regions in the exhaust where distinctly different
acceleration processes are at work. In the first region, which
encompasses the interior of the arc chamber and the part of the
exhaust flow within half an anode orifice diameter of the
chamber exit, the dominant mechanism is of electromagnetic
origin, accelerating the propellent to the Alfvén critical speed.
The other region includes the remainder of the exhaust plume
downstream of the region of significant electromagnetic
interaction. In this outer region the flow accelerates to a velocity
nearly twice the Alfvén critical speed. The exact mechanism is
not yet fully understood. Recombination from the ionized states
of argon does not appear to be an adequate acceleration
mechanism and recovery of random thermal energy also only
partially accounts for the observed velocity increment. It is
possible that a momentum transfer from the high-speed core
flow of light ablation products to the argon jets may contribute
to the acceleration of the argon. In any case, the Alfvén
critical velocity appears not to impose a fundamental limitation
on the attainable exhaust velocity.
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Jet-Diagnostics of a Self-Field Accelerator
with Langmuir Probes

F. MAISENHALDER* AND W. MAYERHOFER T
DFVLR-Institut fiir Plasmadynamik, Stuttgart, F. R., Germany

Cylindrical electric probes of the Langmuir type are used to investigate the jet of a self-field plasma
accelerator. The test conditions with argon as propellant range from /=2000 amp to 4500 amp and
m = 0.3 g/sec to 1.0 g/sec. The pattern of the flow direction, the radial and axial distributions of the electron
temperature, the ion density, the static pressure, the ratio of directed to thermal velocity, and the ion velocity
are determined. The electron temperature profiles show steep gradients from the axis of the jet to a radius of
about 8 cm. Beyond this radius the temperatures remain at a nearly constant value of 8 -10x 10°K in the
whole visible region of the jet with a diameter of about 1 m. The influence of the angle of attack on the
determination of the electron temperature turns out to be not severe. The ion densities, calculated from the
ion saturation currents and the electron temperatures, are affected by the discharge currents and the mass
flow rates. In the axis peak values are observed up to 5x 10'* cm™ 3. An increase of the mass flow rate causes
large radial density gradients over a wide range of the diameter. The calculated distributions of the static
pressure show that “entrainment” can be excluded. This is confirmed by the flow pattern of the ions and the
total gas too. The ratios of V/V, (a quantity which may be regarded as a Mach number) are in good agreement
with calculated Mach numbers. The profiles of the ion velocity show a reasonable behavior. The mass flow
through a cross section of the jet calculated from the velocity and density profiles is in good agreement with
the applied mass flow rate. Observations of characteristic parameters show that in a wide region of the plasma
the probes are operated collision free, but that in the axis near the nozzle exit a transition regime to collision-

dominated conditions is present.

Introduction

HE plasma accelerator of the self-magnetic or self-field
coaxial type may be operated continuously or pulsed. The
pulsed quasi-steady version' ~° probably will find its main appli-
cation as a thruster. The continuously working accelerator
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designed for purposes of propulsion too, will have its near future
application as a wind-tunnel device. Theoretical and ex-
perimental investigations of this accelerator have been done by
Hiigel.®” For reasons of completeness a short description of the
mechanism of this type of accelerator will be given here.

The thruster consists of a cathode made of thoriated tungsten,
an arc chamber, and an expansion nozzle. Arc chamber and
nozzle are made of individual water-cooled segments which are
insulated against each other by layers of alumina (Fig. 1). The
propellant is fed along the cathode. The last and largest of the
segments represents the anode. The outer surface of the acceler-
ator, with exception of the anode front face, is insulated by a layer
of alumina too, thus achieving a well defined onset of the dis-
charge current. Two mechanisms contribute to the plasma
acceleration: 1) electrothermal heating of the plasma and ex-
pansion in the nozzle, and 2) acting of jxB volume forces



