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Current sheets propagating in a parallel-plate accelerator are found to arrest their motion

at an electrode-insulator junction, and there to lapse into stable, quasi-steady

discharges.

Kerr-cell photography, magnetic and electric probing, and terminal voltage measurements
indicate that these stabilized discharges accelerate gas through themselves as long as gas from
the prefilling of the discharge chamber is available, after which enhanced erosion of insulator
and electrode material appears. To supply fresh gas to the stabilized current zone with a mini-
mum of delay, a shock-tube gas injection technique is used. Even with this proecedure, it is
found that the current must be driven for hundreds of microseconds before a quasi-steady
gas flow can be established in contrast to the tens of microseconds required for electro-
dynamic stabilization. This quasi-steady flow mode, characterized by both current pattern
and gas flow stabilization again is observed to provide substantial acceleration of the inlet

flow.

I. Introduction

TWO phases of stabilization have been identified in pulsed
plasma accelerators: 1) current pattern stabilization, in
which formerly convecting current distributions cease to
propagate,!® and 2) gas flow stabilization, wherein an ex-
ternally supplied gas flow achieves a steady acceleration pro-
file through the stabilized current pattern.*s These stabiliza-
tion processes are of interest in pulsed plasma accelerators
both because of the fundamental questions they pose and be-
cause of their practical implementations. For example, one
may inquire about the effect of current pattern stabilization
on the plasma ejection losses of a pulsed accelerator, or about
the details of the plasma acceleration process in a quasi-steady
plasma accelerator, i.e., an accelerator in which both current
pattern and gas flow stabilization coexist. On the other hand,
one may employ such a quasi-steady accelerator to simulate a
high-power, steady electromagnetic thruster, such as a mag-
netoplasmadynamic are, for a short time. In this way one
may, using transient instrumentation techniques, perform
detailed interior diagnostic studies on the arc-accelerator
environment which in the steady state would be too hostile
for probing. Finally, operation of an accelerator in the
quasi-steady mode is of interest in its own right since this
may be the regime in which electromagnetic acceleration
processes are optimized. The quasi-steady mode shares many
of the advantages of short-pulse operation® and several of the
advantages of steady-state operation,” whereas apparently
possessing few of the disadvantages of either pulsed or steady
operation alone.

This paper presents a series of experimental studies of a
parallel-plate accelerator in which current pattern stabiliza-
tion alone is established and studied, and a series in which
both current pattern and gas flow stabilization, i.e., quasi-
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steady operation, are achieved. These studies are primarily
directed toward understanding of some of the basic questions
of stabilization phenomena, rather than toward practical
implementation. The latter is the subject of a parallel
study,® however, with which there is considerable interaction.

I1.

As reported previously,® current pattern stabilization first
was observed in this laboratory in connection with a series of
pulsed exhaust experiments using a linear pinch device that
had a large circular orifice in its anode. Stabilization of the
current contours projecting out through the orifice occurred
when the device was driven with rectangular current pulses
of duration greatly in excess of the pinch time of the cyvlindrical
current sheet formed inside the discharge chamber. Similar
stabilization of a current sheet at the end of the electrodes of a
pulsed coaxial accelerator had been observed elsewhere.? In
order to study this phenomenon in a simpler geometry than
any of these, a parallel-plate accelerator, deseribed in detail
in Ref. 3, was constructed. Stabilization of the propagating
current sheets in this device was achieved by partially in-
sulating the electrode surfaces with thin mylar sheets from a
position several inches downstream of the discharge initiation
location to the front end of the accelerator (Fig. 1). These
initial studies established that spatial stabilization of the
propagating current sheets also occurs in this geometry, in
the vicinity of the electrode-to-insulator junction.

A more detailed series of diagnostic studies now have been
performed using a pair of permanently insulated electrodes.
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Fig. 1 Schematic diagram of parallel-plate accelerator.
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These electrodes counsist of 5%-in. lengths of aluminum surface
followed by 42%-in. lengths of nylon inlaid insulator surface.
The discharge chamber formed by the two electrodes is 48-in.
long, 6-in. wide, and has a 2-in. interelectrode spacing main-
tained by a rectangular Plexiglas housing that forms the side
walls of the apparatus. A switeh electrode is mounted 2 in.
below the bottom electrode in a separate Plexiglas switch
chamber. In operation, the switch electrode is connected to
a capacitor line charged to —10kv.  The top electrode of the
accelerator is grounded and the middle electrode also is main-
tained at ground potential during the charging process by
means of a ballast resistor, Rg, connecting the top and middle
electrodes.  The switch is triggered by injecting argon into
its initially evacuated chamber. As the gas pressure increases,
the Paschen curve is crossed and the switch discharge initiates,
transferring the voltage across the electrodes of the main
chamber, resulting in the desired test gas breakdown, sheet
formation, propagation, and eventual stabilization processes.
The test gas in the main chamber may be set in advance at a
given pressure—the ambient mode—or may be injected by a
shock tube, a process to be described in detail in connection
with the establishment of the quasi-steady mode of opera-
tion.

~ The capacitor line consists of 40 X 3.2 uF capacitors ar-
ranged in various LC ladder network configurations to deliver
rectangular eurrent pulses ranging from 120,000 4 for 20 usec
(hereafter designated 120, 20), to a nominal 5000 4 for 500
usee (5/500).

In the first current pattern stabilization studies to be dis-
cussed, the 120, 20 pulse is employed and discharged into 100
w argon, in the ambient mode. Fifty nanosecond Kerr-cell
photography is used to view the luminosity associated with
various phases of the discharge to indicate its general behavior.
The character of the propagating sheet may be seen in IMig. 2,
which is a sequence of photographs taken through the side wall
normal to the direction of propagation. In these illustrations,
Ar ix a streamwise coordinate referenced to the metal-to-
insulation boundary such that Az > 0 is downstream along
the insulator, and Az < 0 is upstream along the metal elec-
trode portion of the accelerator. The luminous sheet is ob-
served to be nearly one-dimensional at the time of breakdown
near the back wall of the chamber, but to become highly two-
dimensional as it propagates down the channel. Of interest
is the development of a diffuse “anode foot” that enlarges and
grows as the sheet propagates. Inception of such a foot has
been observed in other experiments of this type®? but here it
progresses nearly to the point that it completely dominates
the entire luminous pattern, tilting it substantially with re-
spect to the axis and diffusing it over a large dimension.

When the propagating luminous front reaches the end of
the exposed electrode, Fig. 3, the luminosity pattern con-
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Fig. 2 Kerr-cell
photographs of pro-
pagating current
sheet.
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Fig.3 Transition of discharge to stabilized current distri-
bution.

tinues to propagate into the insulated channel unrolling, as
it were, the stabilized pattern of two broad, nearly axial,
and highly luminous bands emanating from the electrode
discontinuity. Oue may speculate that these bright bands
are analogous to the anode and cathode jets commonly seenin
the magnetoplasmadynamic arcjet.

Confirmation that the current-carrving region has indeed
ceased to propagate is best supplied by maps of enclosed cur-
rent contours at a succession of times, derived from magnetic
field probing of the entire discharge column. These mapsare
displayed in Fig. 4, where the individual contours conform to
local eurrent streamlines and their numeral indicates the
cumulative current passing everywhere downstream. The
slight tilt of the propagating current sheet, its broad anode
attachment region and its abrupt arrest at the electrode dis-
continuity are evident again, in agreement with the luminosity
studies. The stabilized pattern bows downstream in a hair-
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Fig. 4 Enclosed current contours in parallel-plate ac-
celerator (units, 102 amp).
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pin fashion with the bulk of the current conducted across the
midplane in the 0 < Az < 6 in. region, i.e., within three chan-
nel heights downstream of the metal-to-insulation junction.

Additional confirmation of current pattern stabilization and
valuable indication that the pattern indeed continues to accel-
erate gas through itself in its stabilized phase is provided by a
sequence of terminal voltage measurements made with an
inner divider. This device is simply a voltage tap that passes
through an insulated port in the anode to electrical contact
with the cathode and enables one to separate the resistive and
induetive voltage drops in the plasma. Should the current
sheet come to rest and start accelerating gas through itself,
the probe also will record the corresponding motional emf,
regardless of its location. In Fig. 5a the response of the
inner divider at Az = —2% in., along the metal electrodes,
is shown. Before the current sheet sweeps by the probe posi-
tion, only the resistive drop, here about 60 v, is monitored.
This corresponds to a plasma resistance of approximately
0.0005 ohms. As the sheet sweeps by the probing location,
the inductance change due to the motion of the sheet is
added bringing the total voltage to about 700 ». As the
sheet stabilizes, however, this changing inductive contribution
should vanish. Note, however, that the voltage signature
remains nearly constant. It is hypothesized that the declin-
ing flux change contribution is supplemented by the genera-
tion of a back emf as the stabilizing current begins to accel-
erate gas through its self-magnetic field pattern. This hy-
pothesis is verified by monitoring the voltage at the far down-
stream end of the accelerator where it is impossible to enclose
any flux change contribution. The response of the voltage
probe at this position is shown in Fig. 5b; initially only the
resistive drop is recorded but as stabilization of the current
sheet oceurs, the back emf contribution also is added.

It thus appears that a new and rather powerful electro-
magnetic inertial mechanism is operating, i.e., that when

Fig. 6 Airfoil visualization
of gas flow into stabilized
current distribution.
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the motion of the convecting current sheet is arrested at the
electrode discontinuity, the back emf generated in opposition
to this change is just sufficient to maintain the terminal volt-
age at its previous level. The impressive feature of this effect
is that the gasdynamic processes involved in its accomplish-
ment are fundamentally quite distinct; that is, there has been
a transition from the familiar unsteady mode of gas “sweep-
ing” in a propagating sheet to the equally familiar but rather
different steady mode of gas “blowing” though a fixed current
pattern, with no observable change in terminal voltage.

Although the current has ceased to propagate, acceleration
of the gas by the stabilized current distribution appears to con-
tinue. The most vivid demonstration of flow acceleration is
a photographic sequence of the luminous patterns over small
15° half-angle wedges set in 3 planes, § in. off the anode and
cathode and in the midplane, at various axial positions along
the channel. For example, the state of the inlet flow to the
stabilized current zone can be observed by placing the wedges
upstream of the current stabilization region, Az < 0. Such
a series of pictures taken at 10, 14, and 18 usec, respectively, is
shown in Fig. 6 where the wedge tips are located at approxi-
mately Az = —12 in. Shocks are visible at each of these
times indicating that the inflow is supersonic over the sta-
bilized portion of the current pulse. The luminosity of these
shocks, however, decreases with time suggesting that the
mass flow into the stabilized zone is decreasing. This is to be
expected since no external source of mass is available to the
discharge.

Figure 7 displays the flow over the wedges at Az = +2%
in., +5% in., and +832 in. at 14, 16, and 18 usec into the pulse.
Comparing these positions with the patterns of enclosed cur-
rent shown in Fig. 4 one sees that the aforementioned posi-
tions correspond respectively to the middle of the stabilized
zone, to the downstream edge of the zone, and to a completely
exterior position. At the three times shown, it is apparent that
the Mach number of the flow increases downstream through
the stabilized current zone. At the first position, the shocks
are somewhat detached; at the second, the shocks are at-
tached, and at the third, they are yet more inclined to the
flow. Further interpretation is somewhat ambiguous since
either a flow acceleration or a decrease in local sound speed
could produce the observed Mach number increase. How-
ever, since tle effect of joule heating in the current zone would
tend to raise rather than lower the sound speed, and since the
<imilarity in probe responses at the three transverse positions
speaks against major transverse gradients and excessive wall
cooling, a valid flow acceleration through the current zone
seems the more likely alternative.

In an effort to unravel a bit more of the mechanisms of
gas acceleration in the two phases, the patterns of streamwise
and transverse electric field, K, and E,, respectively, within
the current-carrying region of the plasma are mapped uxing
floating double electric field probes.?®:** The E, fields are
monitored using a coaxial-lead, conically shaped probe similar
to that of Burkhardt and Lovberg. The transverse fields,
E,, are measured with a twisted or coaxial-lead, straight-
tipped probe. The streamwise probe response along the
metal electrode portion, shown in Fig. 8a, corresponds to that
commonly observed for a propagating current sheet,®1!
namely a “spike” of forward facing electric field. Ip con-







