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Properties of the Rotating Spoke in an
Unstable Pulsed MPD Arec

R. KriBer,* C. EckpaHL,T AND R. LovBERG]
University of California—San Diego, La Jolla, Calif.

A modified magnetoplasmadynamic (MPD) arc has been operated in a pulsed mode to per-
mit internal probing of the arc region. The arc attains steady-state operation which strongly
resembles the behavior of the more conventional continuous MPD ares. Spatial surveys with

" magnetic probes and small Rogowski coil probes show the current distribution to have the
form of a well defined radial spoke which rotates azimuthally. The rotation frequency is
typically about 40 ke with Argon gas. Observations with double plane Langmuir probes
measuring plasma flow indicate that the rotating current spoke corresponds to an actual
plasma rotation. The spoke exhibits an internal structure. The plasma in the leading edge
is streaming radially outward, while that in the trailing edge is counterstreaming inward
towards the cathode. Most of the arc current flows in the trailing section, and the ions there
seem to carry about 309, of the total arc current.

I. Introduction

HE magnetoplasmadynamic (MPD) arc has been found
to be a very efficient device for converting electrical
power into directed propellant kinetic energy.'~® Most of
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the early MPD research was concerned with optimization of
the arc for propulsion use, which implies an emphasis on
thrust, specific impulse and efficiency. Since these parame-
ters can be determined by measurements external to the arc
itself there was little motivation to investigate the precise
internal character of the arc. In recent years it has become
apparent that the MPD arc is indeed a complicated device
requiring much more detailed information if a fundamental
understanding of its operation and ultimate capabilities is to
be achieved. The intent of the work discussed in this paper
is to make a detailed study of the internal arc region and
hopefully determine some of the more important processes
which might affect the over-all arc performance. No attempt
has been made to measure thrust or efficiency directly.
Internal arc studies are difficult in conventional MPD arcs
because of the very high power density in the current channel
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Fig.1 Cutaway view of MPD arc used in this experiment.

and because of the small physical dimensions of the discharge
region. These problems have been avoided by 1) operating
the arc in short pulses so that the cumulative heat loading on
probes is not destructive and 2) designing the system with a
relatively large open coaxial electrode structure so that the
spatial resolution of reasonably-sized probes is a small frac-
tion of the interelectrode spacing. Both modifications have
been adopted with considerable eaution.

The pulsed arc can achieve true steady-state operation
characteristic of the conventional MPD ares, only if all of the
time constants of the system are short compared to the length
of the operating pulse. For a pulse length of 500 usec, this
condition seems to be violated only by the thermal heating
time constant of the tungsten cathode. In the steady-state
arcs the cathode temperature approaches the melting point of
tungsten in a time interval of the order of seconds. The
thermionic electrons produced by the hot cathode surface are
apparently necessary for the attainment of typical MPD are
behavior. This difficulty has been overcome in the pulsed
arc by preheating the cathode surface to approximately
3400°K. TFor this purpose a U-shaped tungsten ribbon is
attached to the end of the cathode and heated by passing
several thousand amperes of current through it just prior to
the main arc pulse.

Fig. 2 Muzzle view of MPD accelerator.
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II. Experimental Apparatus

A. Accelerator Design

The pulsed MPD are used in this experiment is shown in
the cutaway drawing of Fig. 1. The electrodes consist of
two coaxial stainless steel cylinders. The outer electrode,
which is the anode, has an inside diameter of 8.7 ecm. The
cathode is a 2-em-diam rod with a U-shaped tungsten filament
mounted on the end. The cathode rod is split longitudinally
into two sections to permit preheating of the filament. The
diverging magnetic field is produced by the bias field coil,
which is mounted on the outside surface of the anode. The
Rogowski coil on the ecathode rod is used to measure the total
arc current.

Figure 2 is a muzzle view of the accelerator in which the
electrodes, bias field coil, and input gas nozzles are clearly
visible.

The input gas flow is also pulsed but is permitted to reach a
steady state before the arc pulse is applied. The gas pulse is
produced by a fast opening magnetic valve, which opens in
less than 200 psec and dumps the contents of a high-pressure
plenum chamber into an annular reservoir. The gas then
flows continuously into the accelerator through a set of twelve
conical nozzles that are fed by the reservoir. Because the
length of the arc pulse is short compared to the time scale of
variations in the gas flow, the flow is effectively constant
during the arc pulse.

The vacuum chamber is a stainless steel tank, roughly
cylindrical in shape, with a diameter of 1.2 m and a length of
2.4 m. The accelerator is mounted on the axis of the tank,
with its rear surface about 20 em from the tank wall. A
16-in. oil diffusion pump with a cold trap produces a back-
ground pressure of approximately 10~% torr between arc
pulses. Since the transit time for the neutral gas atoms to
travel downstream to the vacuum chamber wall and back to
the accelerator is long compared to the time required for the
entire operating sequence, the accelerator is operating in a
hard vacuum throughout its pulse.

Probes are mounted on a hydraulically driven carriage that
is movable in the radial and axial directions. It is possible
to position the probes within 1 mm of a desired position by
means of external controls.

B. External Characteristics

Initial observations of the arc current and voltage provided
convineing evidence that the pulsed arc attained steady-state
operation within 200 usec after the main pulse line was fired.
Figure 3 shows the time dependence of the are current on the
upper trace and arc voltage on the lower trace. The com-
posite photograph shows overlaid oscilloscope traces for three

ml.ar»rm ’Iw.vmv.w sy |I Il I .
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Fig. 3 Photograph of overlaid oscilloscope presentations

for three successive machine pulses showing the time

dependence of the arc current on the upper trace (1000

amp/div) and arc voltage on the lower trace (50 v/div).
(Time sweep from right to left).
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successive machine pulses, each with a different value of
pulse line charging voltage. The magnetic bias field is held
fixed for all three pulses. The are voltage is clearly insensi-
tive to the variations in arc current. The arc voltage does
inerease, however, with inereasing magnetic bias field as shown
in Fig. 4. These characteristics are very similar to those ob-
served in conventional steady-state MPD arcs.

In summary, the pulsed arc does attain a steady-state mode
of operation which, at least externally, strongly resembles the
operating mode of the conventional MPD arcs.

C. Standard Operating Conditions

The objective of this experiment, a detailed investigation
of the internal arc region, requires the correlation of data ob-
tained from several different diagnostic surveys. Since
meaningful correlations are possible only if the observations
are made under identical conditions, the following operating
parameters were adopted as ‘‘standard conditions”: Gas—
Argon, m = 0.02 g/sec, I = 550 amp, V = 75 v, B, = 2200
gauss; where m = mass flow rate, I is the arc current, V is
the are voltage and B,y denotes the value of the maximum
axial magnetic field in the plane of the bias field coil. The
shape of the magnetic field is shown in Fig. 5. The coordinate
system that will be used in the following discussion is also
shown.

II1. Internal Arc Characteristics

A. Current Distribution

Observations made with magnetic probes show that the
current distribution in the internal arc region is not azi-
muthally uniform. A complete mapping of the local current
density has been obtained using small Rogowski coil probes.®
The output from a Rogowski coil probe positioned at a
radius of 3.5 em (about 8 mm from the anode wall) is shown
in Fig. 6 for several different axial positions. Most of the
current is localized near the end of the anode (Z = 10.5 cm)
and the distribution has the shape of a radial spoke which ro-
tates in the J, X B, direction.” Under standard conditions
the rotation frequency is about 40 ke and seems to be propor-
tional to the product /B as shown in Fig. 7. Similar behavior
has been observed in conventional steady-state MPD ares.®-®

High pressure rotating arcs in similar geometries have been
observed to have a spiral shape in the R-8 plane.’:* Cor-
related observations with two probes were made in an at-
tempt to detect comparable behavior in the MPD arc; how-
ever, no spiralling of the spoke was found in the main body of
the are. A detailed survey of the arc with Rogowski coil
probes failed to detect an azimuthal current flow in the
plasma region. This is an extremely significant observation
since several proposed models of the MPD arc rely on an
interaction between Jy and Br to produce axial acceleration
of the plasma,.!2
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Fig. 4 Arc voltage and arc current as functions of the
magnetic bias field. B, is the magnitude of the field in
the plane of the magnetic field coil.
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B. Electron Temperature

A collimated telephoto lens was mounted on a spectrom-
eter making it possible to spatially analyze the radiation
from ‘ghe arc. In a spectroscopic survey from 4000 A to
5010 A only AII lines were observed. The line intensities
emitted from the spoke were an order of magnitude greater
than emissions from any other region of the arc or exhaust
plume.

The electron temperature of the plasma in the current
spoke has been determined by measuring the relative line
intensities of sixteen AII spectral lines. Thirteen of the lines
were selected because their transition probabilities have been
measured experimentally.’® The remaining three lines were
chosen because they have relatively high-excitation energies
which increase the sensitivity of the electron temperature
meagsurement. The oseillator strengths calculated by Griem?4
in the L—8 approximations were used to determine the transi-
tion probabilities for these lines. Since deviations from L—S
coupling are expected to decrease as the excitation energy
increases, the approximation should be fairly good.

The energy levels involved in the transitions are included in
a cluster of levels having interlevel gaps of less than an elec-
tron volt, therefore the population densities of these levels
should be in local thermal equilibrium with each other.®

The magnitude of the observed line intensity is then given
by

I = (CgA/N) exp(—E/kT) )

where ¢ is the statistical weight of the upper state involved in

Fig. 6 Oscilloscope traces showing the time dependence of

J. as measured by a Rogowski coil probe for several axial

positions and a radius of 3.5 ecm. Sweep speed is 10 usec/-
div. Phase is arbitrary.
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Fig. 7 Spoke rotation frequency vs IB.

the transition, A is the transition probability, A is the wave-
length, E is the excitation energy of the upper state, & is the
Boltzmann constant, T is the electron temperature, and C is a
constant which includes a geometric collection factor.

Taking the log and rearranging, Eq. (1) becomes

In(M/g4) = In(C) — E/kT ®)

Figure 8 is a plot of the experimental values for the left-hand
side (LHS) of Eq. (2) as a function of the excitation ener-
gies of the observed lines. The data seems to fit a straight
line and the slope of the best fit corresponds to an electron
temperature of 1.1 &= 0.2 ev.

C. Floating Potential Distribution

The spatial dependence of the floating potential was de-
termined by using a single floating probe. A two-dimen-
sional map of equal floating potential contours in the B-Z
plane is shown in Fig. 9. The current spoke lies in the upper
half plane of the figure. All potentials are measured with
respect to the cathode.

The difference between the floating potential and the actual
plasma space potential is given by

Vi— V.= —~(&T./¢) In(C./4u) 3)

where V; is the floating potential, V-is the space potential,
kT./eis the electron temperature in ev, c. is the mean electron
thermal speed and u; is the average ion velocity relative to the
probe. The value of the right-hand side (RHS) of Eq.

In (-;%) (X in arbitrory units)
%

18 20 22 24
EXCITATION ENERGY{eV)

Fig. 8 Plot of In (\I/gA) vs excitation energy for spectral
lines of Argon II.
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Fig. 9 Contours of equal floating potential. The current
spoke is located in the upper half plane.

(3) is between 3 and 4 v, therefore, the potentials given in
Fig. 9 are within 4 v of the actual space potentials.

Since the total voltage drop across the arc is about 70 v, it is
clear that near the end of the anode, where the maximum
current density is located, there exists a thin anode sheath in
which a potential drop of 30 v occurs. Though the sheath
thickness is less than 2 mm, approximately half of the input
power is dissipated there or at the anode surface.

D. Anode Sheath Current

The presence of the large radial electric field in the anode
sheath and the axial magnetic bias field should cause the
electrons to drift in the azimuthal direction with a velocity

ve = Er/B. 4)

The ions in the sheath will not experience a similar drift be-
cause their gyro radius is large compared to the sheath thick-
ness. The net result is an azimuthal current flow in the
sheath.

Because of the small sheath thickness (<2 mm) it is difficult
to measure the potential and current distributions in that
region. The net anode sheath current, however, can be de-
tected and measured via the magnetic field that it produces
outside of the sheath. Measurements of the local axial mag-
netic field indicate that there is a net azimuthal current flow
of about 50 amp within the anode sheath.

1V. Structure of the Plasma Spoke

A. General

With the are observed to have the form of a rotating spoke,
the remaining work was directed toward a detailed analysis of
the internal spoke structure. Because of the lack of sym-
metry, a complete description would be a very formidable
task requiring three-dimensional mappings of all measurable
plasma properties. Instead, therefore, attention was focused
on a limited spatial region centered about a point at a radius
of R = 3.0 cm and an axial position of Z = 10.0 cm. Thisre-
gion is located near the downstream end of the anode where
the maximum current density occurs and at a radius large
enough so that good spatial resolution is possible.

In the discussion that follows it sometimes is necessary to
distinguish between the plasma spoke and the current spoke.
The plasma spoke is somewhat broader in azimuth and is
displaced slightly ahead of the current spoke in the direction
of azimuth motion.
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Fig. 10 Radial arc current density and electron tempera-
ture vs azimuthal distance at a radius of 3.0 cm.

B. Electron Temperature Distribution

The electron temperature measurement described earlier
has been repeated at several points within the spoke with the
same result,

T:=11+02ev

The observed electron isothermal region extends from a radius
of R = 20 cm to B = 4.0 crn.  Tts azimuthal extent at a
radius of B = 3.0 em is shown in Fig. 10. The radial com-
ponent of the arc current density is included as a reference.
In this presentation the current spoke is moving from right to
left with a veloeity of 7.5 X 10° cm/see.

Electron temperature measurements were not possible
outside of the plasma spoke because the spectral line intensi-
ties were too low.

C. Azimuthal Plasma Velocity

Negatively biased Langmiur probes have shown that there
is a region of substantial plasma density moving azimuthally
just ahead of the current spoke. In this region the radial and
axial components of the generalized Ohm’s law?® reduce to

Ex = VB, _ (5)
and
E, = Vg¢Be (6)

Simplification occurs because there is no current flow in this
region and the components of the electron pressure gradient
in the radial and axial directions are negligible.

Using Eqgs. (5) and (6) it is possible to calculate the azi-
‘muthal plasma velocity in two ways from easily measurable
field quantities. In both cases the azimuthal plasma velocity
is equal to the observed velocity of the current spoke within
experimental error which is about 20%.

D. Plasma Density and Velocity Profiles

The components of the plasma flux nv were measured using
a double plane Langmuir probe with two plane electrodes
located on opposite sides of the probe. The electrode po-
tentials were maintained strongly negative with respect to
the plasma space potential so that all electrons were repelled
and all ions moving toward the electrodes were collected.

If the plasma is streaming relative to the probe, the cur-
rents collected by the two electrodes will not in general be
equal. Consider the case shown in Tig. 11 in which the
plasma is directed normally toward the front eleetrode. The
ion velocity distribution is shifted to the right as shown and

‘lc)he current density collected by the front electrode is j# given
Yy

jr=e j;m 0.f(v2)dv., M
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Fig. 11 Portions of the one-dimensional ion velocity dis-
tribution collected by the front and rear electrodes of the
double plane Langmuir probe.

where f(v.) is the one-dimensional ion velocity distribution.
Equation (7) can be rewritten as

Jr=c¢ f_mw v.f(s) — efow v.f(v,)dv.

or
Jr = neb. + jr ®

where 7, is the mean plasma streaming velocity component
normal to the electrode surfaces and jr is the ion current
density collected by the rear electrode. The negative sign
occurs in the definition of jz because the rear electrode is
collecting ions moving in the negative direction. The
component of plasma flux normal to the electrode surfaces is
then obtained from Eq. (8),

ni. = (jr — jr)/€ )

Figure 12 shows the radial dependence of the ion saturation
current densities to the front and rear electrodes of a probe
positioned at the end of the anode, Z = 10.5 ¢m, and oriented
azimuthally. Since the azimuthal plasma flux is

ndp = (Jr — Jr)e/e (10)

it is clear from the data of Fig. 12 that the azimuthal plasma
flux is approximately proportional to the radius. This im-
plies that the ion density is nearly independent of radius, since

nog = nwk (11)

where w is the angular frequency of the spoke rotation. An
expression for the density » can be obtained by combining
Egs. (10) and (11) and differentiating with respect to R,

n = (d/dR)(jr — jr)e/ew (12)

n
<
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Fig. 12 Radial depen-

dence of the ion satura- "

tion current densities .
to the front and rear

electrodes of a double 10 .

plane Langmuir probe
positioned at  the
mouth of the anode,
Z = 10.5 cm, and
oriented azimuthally.
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Fig. 13 Radial arc current density and ion density vs.
azimuthal distance at a radius 0f 3.0 cm. Spoke is moving
from right to left in this présentation.

Using the slope of the data in Fig. 12 to evaluate the deriva-
tion in Eq. (12), the magnitude of the peak plasma density is

n = 104 em 3

There is independent evidence for the lack of a radial de-
pendence in the density. The intensities of the AII spectral
lines did not vary with radius. Since the electron tempera-
ture was found to be independent of radius, the ion density
must also be constant.

With the azimuthal plasma velocity assumed equal to that
of the current spoke, the density profile in the azimuthal di-
rection was obtained directly from the azimuthal plasma flux
observations, since

n = (jr — jr)o/ewR (13)

A plot of the ion density vs azimuthal distance is shown
in Fig. 13 for a radius of 3.0 cm and an axial position of Z =
10 em.  Again the radial component of the arc current density
is included as a reference. ;

With the jon density profile determined, the double plane
Langmuir probe was then oriented in the radial and axial
directions in order to measure the profiles of those velocity
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Fig. 14 Plasma velocity components vs azimuthal dis-
tance at a radius of 3.0 cm. i
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Table 1 Comparison of ion energies, measured at several
radii, with the stagnation energies of the incoming neutral
atoms relative to the moving current spoke

R, cm kT, ev Ey = imwiR? ev
3.25 12 14
3.0 11 12
2.75 9 10

components. They are given by

Tr = (jr — jr)r/ne (14)
and

7. = (jr — jr):/ne (15)

The results are shown in Fig. 14 for a radius of 3.0 cm.

The radial velocity profile shows the existence of counter-
streaming plasma flows. The plasma in front of the current
spoke is moving outward, indicating that the centrifugal force
is not completely balanced by a radial confining force in this
region. In the current spoke, however, the plasma is moving
inward, because the confining force exceeds the centrifugal
force. The source of the radial confining force will be dis-
cussed later. Since the ions in the current spoke are moving
inward, they carry a portion of the radial are current density
given by

Jion = nedgr (16)
whereas that carried by the electrons is )
Joit = ne(Ee*/B,) — nevg amn

where Eo* is the azimuthal component of the electric field in
the plasma rest frame. The values of the ion and electron
current densities calculated from Egs. (16) and (17) at B =
3.0 cm on the axis of the current spoke are

Jion = 5amp/em?, Jo = 13 amp/ecm?

thus roughly 309, of the radial arc current is carried by ions
and 709, by electrons.

E. Ion Temperature

An order of magnitude estimate of the ion temperature was
obtained by rotating the double plane Langmuir probe in the
R-plane until the electrode surface was parallel to the net
plasma streaming velocity. In this orientation the ion
saturation currents to the two electrodes are identical since
they are due entirely to the thermal motions. The magnitude
of the ion saturation current density is given by Eq. (17)

Jsat = 0.5 ne(kT./m;)*? T: < T, (18)
or
jsat = (1/27r)1’2ne(kTi/m,-)1/2 Ti > T, (19)

depending on whether the ion thermal speed is less than or
greater than the Bohm velocity, (kT,/m). Substitution of
the measured values of the ion saturation current density
Jsat 20d density n gives kT = 11 ev. Since the electron tem-
perature has been measured spectroscopically to be 1.1 ev, it
is clearly the ion temperature that is of the order of 11 ev.

The same observations were repeated at radii of 3.25 cm
and 2.75 cm with the results shown in Table 1. Eo is the
stagnation energy or kinetic energy of the incoming neutral
atoms relative to the rest frame of the spoke. The uncer-
tainty in the measured ion temperature is about £50%;
therefore, the apparent equality between the ion temperature
and the stagnation energy may not be exact, but they are of
the same order of magnitude.

The ion-ion mean free path at an energy of 10 ev is approxi-
mately 2.5 cm which is nearly 30 times greater than the probe



MAY 1971

dimensions. The perturbation produced by the probe can,
therefore, be neglected.

The ion saturation current to the rear electrode of the
azimuthally oriented probe seems to support the contention
that the ion temperature is roughly equal to the stagnation
energy. Assuming a Maxwellian velocity distribution for
the ions, the ion saturation current density to the rear elec-
trode is

Jr = mnec;F(v,/c;) (20)
where v, is the plasma streaming velocity and
¢ = (2kT/my)?
and
F(z) = (/)Y exp(~2?) ~ 3z[l — erf(z)]

The function F(z) is a strongly varying function of z; a
factor of two change in = v,/¢; produced two orders of
magnitude change in F(z). Figure 12 shows the ion satura-
tion current to the rear electrode to be at most a weak fune-
tion of radius. The ratio (».,/c;) must therefore be nearly
constant. The value of jr calculated from Eq. (20), assuming
that the ion temperature equals the stagnation energy, is
approximately one half of the observed values given in Fig. 12.
This agreement is not bad considering the range over which
F(vs/c;) varies. :

V. Summary

The arc has the form of a rotating spoke. The electron
temperature is uniform throughout the plasma spoke. The
jon density in the spoke is nearly independent of radius and
at least an order of magnitude greater than anywhere outside
of the spoke.

The azimuthal extent of the plasma spoke is greater than
that of the current spoke, with the result that a plasma region
exists ahead of the current spoke. This advanced plasma is
moving azimuthally with the spoke velocity and appears to
be spun out radially by the centrifugal force.

The plasma within the current spoke is counterstreaming
radially inward indicating the presence of an inward force
greater than the centrifugal force. The ion pressure gradient
seems to be the most likely candidate. In accordance with
the data listed in Table 1,

kTi = BEQ

where §is a factor of order one and E, is the stagnation energy.
Thus

kT: = lmw?R? 1)

‘The radial component of the volume force due to the ion
pressure gradient is

Fr = —Vzp: (22)

where Vr is the radial component of the gradient operator.
Since the density n has been observed to be independent of
R, Eqgs. (21) and (22) together give

Fr = —,BnmeR = _6Fcenb
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where Feeys is the centrifugal force per unit volume.

Although no azimuthal currents have been detected in the
body or the are, a current of about 50 amp has been observed
to flow azimuthally in the anode sheath. The resulting
JoB, force is directed inward and is of sufficient magnitude to
balance the net centrifugal force or equivalently to support
the ion pressure gradient. The ions seem to carry about 309,
of the radial arc current and the electrons carry the remaining
70%.
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