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Figure 3: Series of photographs showing the evolution
of the discharge in a single pulse.
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Figure 5 shows a close-up of the breech region of
the accelerator. The initial conditions for the accel-
erator in this set of photographs was the same as
those used in Fig. 3, with the exception that the
bank voltage was 5 kV instead of 4 kV. This figure
more clearly shows the transition of the arce from its
planar initial state, to the fully canted current sheet.
As the current sheet leaves the back of the acceler-
ator, it immediately begins to bifurcate. The initial
anode attachment point recedes from the electrode,
and a diagonal sheet forms. Within several microsee-
onds the sheet attains the canted structure that it
maintains for the remainder of its propagation. The
base of the arc (cathode attachment) forms a hook-
like structure which has been previously reported in
studies of z-pinch accelerators [3].

In the very early stages of the discharge many fil-
amentary structures are visible. Figure 4 shows two
pictures, from separate discharges, during the first
several hundred nanoscconds of current flow. Argon
(100 mTorr) was used; the bank voltage was set to 5
kV. The lower image was acquired at a slightly later
time than the upper image. The luminous structure
parallel to the electrodes shown to be evolving in the
top panel of Fig. 4 are typical of breakdown waves,
commonly known as streamers.

Figure 4: Two images from the initiation stage of the
discharge.

3.3 Parametric study

The free parameters in this study werc capacitor bank
voltage, gas pressure, and gas species. These paran-
cters were varied in an effort to obtain some prelimi-
nary clues for understanding of the naturc and causes
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of current sheet canting.

Polarity of the electrodes. The first operating
condition that was changed was the polarity of the
clectrodes. There was some concern that the asym-
metric construction of the back of the accelerator (sce
Fig. 1) was creating a non-uniform magnetic field be-
hind the current sheet, causing it to tilt. If this was
indeed the case, reversing the polarity of the elec-
trodes should not affect the structure of the discharge
(i.c., the discharge attachment on the top electrode
should still lead the attachment point on the hottom
clectrode). However, as is apparent in Fig. 6, chang-
ing the polarity was found to result in the bottom
clectrode attachment point leading the top. Gas load-
ing, etc., was identical to the experiment represented
in Fig. 3. The conclusions which can be drawn are:
it is unlikely that aspects peculiar to the construction
of the accelerator are responsible for the canting and,
comparing Fig. 3 and Fig. 6, the current sheet al-
ways cants such that the anode arc attachment point
leads the cathode attachment point.

Capacitor bank voltage. The next parameter
that was investigated was the capacitor bank volt-
age — all other operational conditions were held con-
stant. Changing the bank voltage changes the current
rise rate and peak current, so it is not unreasonable
to expect that there might be some observable dif-
ferences in the discharges. Again, argon (100 mTorr)
was used. Figure 7 shows two different discharges:
one at 2 kV, the other, 5 kV. The pictures were taken
at two different times (t=10 us and t=6us, respec-
tively), so that the current sheet profiles could be
compared at the same spatial location. Comparison
of the two pictures reveals that changing the bank
voltage has no noticeable effect on the canting angle.
The two discharges look very similar; the lower volt-
age picture looks slightly more diffuse, lacking the
sharp hook on the cathode attachment point that is
found in the higher voltage discharge.

Gas pressure. Next, the influence of varying the
gas pressurc was explored. Figure 8 shows argon dis-
charges at three different pressures. The capacitor
bank voltage was 4 kV for all three experiments. The
peak current was observed to remain constant (within
2 kA) over the pressure range surveyed. The pictures
were all taken at the same time in their respective
current waveforms.

The figure shows that as pressure is increased the
forward motion of the plasma is impeded by the
higher 1ass loading; conscquently, the speed of the
higher pressure sheet is lower (v ~5 cm/us for 50
mTorr, v =1 em/ps for 500 mTorr). Also, at higher
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Figure 5: Series of photographs showing the evolution
of the discharge near the breech.

Figure 6:
changing polarity: a) t=>5us, b) t=11pus, ¢) t=14pus.

Photographs showing the influence of
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Figure 7: Photographs showing the influence of
changing capacitor bank voltage: a) 2 kV, b) 5 kV.

Figure 8: Photographs showing the influence of
changing gas pressure: a) 50 mTorr, b) 240 mTorr,
¢) 500 mTorr.

pressures the current channel becomes much broader.
However, even in the high pressure case we can see
vestiges of the lower pressure structure — bifurca-
tion and a canted front. Although at higher pres-
sures the discharge is not appropriately described as
a sheet, we can make the observation that the leading
cdge of the accelerator discharge shows less canting
at higher pressures. Just as in the lower pressure
cases presented earlier, after the initial transient, the
higher pressure discharge was observed to maintain
the structure pictured above for the duration of its
propagation.

Gas species. Lastly, experiments were conducted
using two additional gas species: helium and xenon.
Figure 9 shows photographs taken at the same time in
their respective current waveforms. The pressure for
all three discharges was 100 mTorr. The bank voltage
was 4 kV. The peak current in all of the discharges
was approximately the same — about 58 kA.
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Figure 9: Photographs showing discharges in three
different gases: a) helium, b) argon, ¢) xenon.

A few qualitative features are apparent in Fig. 9.
First, as expected, sheet propagation speed decrecases
with increasing atomic mass. The helium discharge
propagates at approximately 6 cm/us, and 4 cu/ps
in argon. The helium current sheet speed is slower
than one would expect from mass loading considera-
tions alone. The xenon discharge has no clear prop-
agation speed. The discharge anchors itsclf at the
breech; later stages of the discharge are character-
ized by a bright region near the breech and long fil-
aments of current which extend to the exit, directed
nearly parallel to the electrodes. This description of
the xenon discharge, along with the comparative pho-
tographs of Fig. 9, may indicatc a trend of lower
current sheet canting angles for lower atowmic mass
propellants. Experiments with additional gases are
needed to validate this assertion.

4 Discussion and Conclusions

This report presents an array of photographic records
of propagating current shects in a parallel rail accel-
crator. These photographs show that current sheets
may be severely canted in operational regimes that
are of propulsive interest. The phenomenon of cur-
rent sheet canting has been observed by many earlier
researchers[4, 5, 3, 6, 7]; however, to our knowledge,
no one has systematically attempted to isolate the
physical process which drives it. This work repre-
sents the first phase of our long term effort to under-
stand the problem, and ultimately provide design pre-
scriptions to alleviate its negative impact on pulsed
plasma thruster performance.

We have developed several possible explanations
for the cause of the canting: unbalanced mass accu-
mulation at the cathode due to ion conduction cur-
rent, mass accumulation at the cathode due to erosion
products, asymmetries in the magnetic field, and the

1210



Hall effect. We will now discuss cach of these pos-
sibilities in turn, and comment on how the limited
experimental evidence that our photographic survey
has produced supports or contradicts each model.

Ion conduction. Lovberg[5] proposed that if the
ion gyroradius becomes large (comparable to the de-
vice dimensions) a large number of ion gyro-orbits
will intersect the cathode and become slow neutrals.
The photographic record provides support for such a
scenario. Figures 3, 8, and 9 show extensive trails of
plasma that arc left in the wake of the current sheet,
along the cathode. This accumulation of plasma
along thie cathode may be related to Lovberg’s ion
conduction current model.

Erosion. Another way that mass could be accu-
mulated along the cathode is through erosion of the
clectrode material. Our experiments do not support
this hypothesis. The spectral survey revealed no evi-
dence of copper in the discharge plasma. Also, a nar-
row pass filter was mounted on the PI CCD camera
to image one of the helium discharges. However, the
bandpass of this filter corresponded to a strong cop-
per emission line, with no helium lines in the vicinity.
The resulting images were completely blank, indicat-
ing no substantial population copper emitters.

Asymmetries. Asymmetries in the magnetic field
structure may have a strong perturbative influence
in pulsed plasma accelerators [8]; however, although
asyminetries were almost certainly present in the our
experiment, we have shown that the sense of current
sheet canting (i.c., the fact that the anode attachment
always leads) is much more closely tied to polarity in
our device.

Hall effect. The last possibility that we are ex-
ploring is the Hall effect. Redding [6] speculated that
the Hall effect was responsible for canting in his rail
accelerator. The plasma regime in which the CSSX
accelerator operates is likely to be influenced by finite
Larmor radius effects notwithstanding the Hall effect
and plasma turbulence. Rough initial estimates of the
Hall parameter in our operational regime indicate a
value of order unity. This implies a concomitant ax-
ial conduction current. Figure 5 indicates that the
transient tipping of the current sheet is strongly re-
lated to the temporal behavior of the current (which
drives the magnetic field). The sheet starts planar
(when the current is low), goes through a transient
tipping phase (when the current is rapidly rising),
and stabilizes to a constant angle for the duration of
its propagation (when the current is constant). The
fact that the temporal behavior of the tipping of the
current sheet is in phase with the temporal evolu-
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tion of the magnetic field may indicate that the rising
magnetic field is driving an increase in the electron
gyrofrequency, and hence the Hall parameter, until
the steady current magnetic field is achieved. Also,
the photographs in Fig. 8 indicate a steepening (less
canting) of the current sheet at higher pressures. This
is consistent with the Hall effect hypothesis; higher
pressures result in higher electron collision frequen-
cies and a lower Hall parameter. As an aside, this
may be an indication that current sheet canting is
not as much of an issue for pulsed plasma thrusters
which operate at higher pressures.

The present investigation has not yielded any con-
clusive evidence for the origin of current sheet cant-
ing. However, it has given us a clear macroscopic view
of how the discharge evolves, and indicated directions
for future diagnostics. Our immediate plans are to
apply the Schlieren photography technique using a
rapidly pulsed laser to obtain better spatial resolu-
tion of the current channels. Also, we are developing
a forty-probe planar array of B-dot probes to give a
detailed picture of the the spatial and temporal evolu-
tion of the magnetic ficld during the transient tipping
phase of the discharge.
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