Hysteresis in a low-pressure argon discharge
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Hysteresis in the discharge characteristics of a low pressure (p~10~* Torr), magnetized argon

plasma column is reported. The hysteresis is associated with sudden jumps in plasma density and
discharge current as either the discharge voltage or magnetic field strength is varied. A substantial
change in the plasma density profile and the appearance of coherent plasma oscillations are also

observed.

PACS numbers: 52.80.Sm, 52.35.Py, 52.25.Lp, 51.50. + v

Plasma discharges often exhibit nonlinear and turbu-
lent behavior.! Discharge devices have been used for basic
plasma physics studies,”* as ion sources in neutral beam in-
jectors,* and for applications in reactive plasma etching.” An
instability in high-pressure (p ~0.01-1 Torr) gas discharges,
which exhibits hysteresis, is well documented and has been
reviewed by Nedospasov,® for example. Here we report hys-
teresis effects observed in a low-pressure magnetized argon
plasma column (i.e., where both the plasma electrons and
ions are magnetized).

The observations were made in the device shown in Fig.
1. The plasma is produced by a discharge drawn from a hot
tantalum conical spiral cathode (Vp~30V, I;~95 A)to a
grounded anode mesh (16 lines/cm) located in the fringing
field of the solenoid. The plasma properties were measured
using three movable disk (1.6 mm diameter) Langmuir
probes located in the central aluminum vacuum chamber.

Hysteresis in the discharge current I,, vs cathode bias
voltage ¥, is shown in Fig. 2 for a fixed neutral argon pres-
sure (p =2X10"* Torr) and magnetic field strength
(B = 730 G). As the cathode bias voltage is increased from
zero, I, slowly increases until a critical voltage V; is
reached, where I, abruptly jumps from 0.3 to 1.3 A. When
Vy is lowered from any value greater than V', I, remains
high until a second critical voltage V, < ¥, is reached. We
refer to the high and low current discharges as the upper and
lower states, respectively. Note that in this particular exam-
ple, there is an intermediate transition at ¥, = 60 V. Under
certain conditions several closely spaced intermediate states
are found, usually when decreasing ¥, although we have
not studied these in detail. Several cycles of the hysteresis
loop are shown to indicate that the effect is indeed reproduc-
ible. These sudden jumps with hysteresis may be interpreted
as due to the onset of a negative differential resistance (dVy /
dI ;) in the discharge. Since the overall external resistance in
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FIG. 1. Schematic diagram of plasma discharge device.
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the discharge circuit is small ( < 10 £2), a jump occurs when
the differential resistance passes through zero. In some
cases, with an external series resistor of several hundred
ohms in the discharge circuit, we observed an S-shaped
curve connecting the upper and lower portions of the I, vs
Vg characteristic.

Figure 3 shows the hysteresis effect in the I, vs B curve
for a fixed p and V. At low fields the plasma is in the upper
state and 7, initially increases with increasing B. When the
magnetic field is increased to a critical value B = B,, the
plasma jumps to the lower state. If B is then reduced, the
plasma will remain in the lower state for B < B, until B = B,,
when the plasma jumps back to the upper state. In some
cases we have observed a hysteresis loop covering 1.5 kG.

We have also observed a significantly different plasma
density profile n(r), after the plasma jumps between the up-
per and lower states. This is evident in Fig. 4, where the
profile of the electron saturation current drawn to a positive-
ly biased Langmuir probe, located in the center section of the
main chamber, is shown. At low fields the profile is relatively
smooth and, as expected, becomes more peaked with in-
creasing B. For B<B, = 1100 G, the plasma is in the upper
state and exhibits no unusual behavior as B is varied. But,
when B is increased above 1100 G, an abrupt transition to
the lower state occurs, where the time-averaged plasma pro-
file peaks off axis. Note the existence of two significantly
different profiles for B = 810 G, dependent only on the path
taken. The densities at 7 = 0 corresponding to the upper and
lower states are n,,~6X10'" cm~® and n,,~9x 10°
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FIG. 2. Discharge current vs bias voltage.
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FIG. 3. Discharge current vs magnetic field.

cm 3, with T, ~3 eV in both cases. Although plots of elec-
tron saturation current are shown, actual plasma density
profiles are not significantly different.

The transition from the upper to the lower states is ac-
companied by the onset of intense, coherent oscillations in
plasma density with frequencies around 30 kHz. These oscil-
lations are typically about 20 dB above the background pow-
er level and have a narrow bandwidth. Power spectra with
up to five harmonics are sometimes observed in the region
B, < B < B,. Typically we observe m = 1 or m = 2 modes,
depending on the tuning of the parameters p, ¥, and B
which propagate azimuthally in the direction of the electron
diamagnetic drift. Preliminary measurements of the parallel
wavelength indicated that it was on the order of twice the
machine length.

To summarize, we have observed significant hysteresis
effects associated with abrupt transitions in discharge cur-
rent and plasma density in a low-pressure, magnetized plas-
ma column. Also we have observed coherent plasma modes
associated with the hysteresis. It is not surprising that we
find both sudden jumps and hysteresis effects.’

The effects observed here may be related to two other
discharge effects known to exhibit hysteresis. One occurs in
plasma discharges, without a magnetic field, which are irra-
diated by microwaves.”® As the incident power is increased,
nonlinear behavior in plasma density is observed with hys-
teresis. These effects have been attributed to nonlinearities in
the ionization process.

The second effect was observed by Hoh and Lehnert® in
a high-pressure positive column. This instability, known ei-
ther as the helical instability or current-convective instabil-
ity, was explained by Kadomtsev and Nedospasov.'® The
occurrence of our sudden transitions may be related to the
onset of the helical instability as the magnetic field is in-
creased above a critical value. The helical instability, how-
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FIG. 4. Radial profile of electron saturation current ( o« density) vs magnet-
ic field (B, = 600 G, B, = 1100 G).

ever, has usually been observed in plasmas with collisionally
dominated ions, whereas in our case, £2,7,, > > 1 (£2, = ion
gyrofrequency, 7, = ion-neutral collision time), and in fact
the observed oscillations are close to the argon ion cyclotron
frequency as well as the diamagnetic drift frequency. The
ion-cyclotron instability, however, should give rise to waves
propagating radially out rather than azimuthally.

Hysteresis effects were also observed in experiments
when the helical instability was present,'' although the ex-
planation'? due to paramagnetic effects would not explain
the large hysteresis effect that we have observed.
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