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ABSTRACT

We present recent experimental results of the use of electrostatic probes to characterize the differences
seen in the low frequency instabilities (<200 kHz) in a laboratory Hall discharge operating with two very
different wall materials - alumina and boron nitride. A wavelet decomposition analysis of the probe signals
was used to determine the dispersion and turbulent broadening characteristics, which have a strong
dependence on the axial location within the channel. The azimuthal direction of propagation is shown to be
closely linked to the directions of the density and magnetic field gradient drifts. While the general behavior
seen with the two wall materials is similar, a noticeable difference is in the location of the ionization zone, as
determined by the location in the peak of the plasma density. The location of the ionization zone with
alumina walls remains very close to where the magnetic field peaks, whereas with boron nitride walls, they
are separated by 20-30 mm. As a result, the direction of the gradient driven electron drift in these two cases
differ somewhat, leading to differences in the propagation characteristics of the disturbances. The possible
impact that these disturbances in plasma density may have on electron transport properties is discussed.

I. INTRODUCTION

The Hall effect plasma accelerator (also referred to as Hall thruster or Stationary Plasma Thruster) [1-
2] is presently the subject of considerable research as it is considered to be the propulsion method of choice
for many spacecraft missions. In a typical Hall effect plasma source, a magnetic field is applied
perpendicularly to the flow of electrons in the discharge, creating a zone of high resistivity and strong
electric field. The strength of the magnetic field is sufficiently low such that it does not directly affect the
motion of the more massive ions. The ions react only to the local electrostatic field, which accelerates them
to high velocities, typically within 50 % - 70 % of applied discharge voltage. The discharge is sustained
between an external cathode and an anode (which also serves as the propellant gas distributor) at the base of
an annular dielectric channel. Only a small fraction of the cathode-emitted electrons migrate towards the
anode to service the discharge (some 10 %), while most follow the ion plume to neutralize its space charge.
Modern versions of these thrusters have an annular discharge chamber of 10-15 cm in diameter, consume
about 5-20 mg/s of xenon gas, 1-5 kW of electricity, and produce a thrust in the range of 100-200 mN, with a
thrust power to input power ratio in excess of 0.5 (50 % efficiency).

It has been known since the 1960’s, when discharges of this type were first studied for use as space
propulsion devices, that the electron conductivity is much higher than that predicted by classical theory of
cross-field transport [3] — a result not unexpected for plasmas with strongly magnetized electrons, as the
classical Hall parameter (ratio of electron cyclotron frequency to electron collision frequency for momentum
transfer), o /v, >1. Little is understood about the origin for this anomalous electron flow, despite the fact

that it is the critical link between the externally applied magnetic field and the self-consistent electric field
that gives the ion stream its shape and energy. Any numerical simulation that attempts to predict the
structure of the ensuing ion stream must include a mechanism/model for this anomalous electron transport.

The mechanisms responsible for anomalous electron conductivity in a Hall thruster discharge fall into
two categories: (i) electron scattering from fluctuations in the electric field due to plasma instabilities, and
(i1) electron interactions with the dielectric wall — the so-called near-wall conductivity [2]. Recent theoretical
studies taking into account secondary electron emission from the wall suggested that wall interactions could
account for the qualitative discharge behavior (observed current) at high voltages (>200 V for peak magnetic
fields of 107 T), when the ion current has reached a maximum. However, at low discharge voltages, classical
and near-wall conductivity do not seem to account for the observed discharge current, and, it is speculated
that at least in this regime, the role of plasma instabilities is very likely to be important.



This paper serves to report on our most recent investigations into the turbulent nature of these
discharges, with an emphasis on providing detailed insight into the excitation and propagation of instabilities
within the annular discharge channel. We show that disturbances in the plasma density propagate in ways
that depend, in part, on the shape of the radial magnetic field, B,, and plasma density, n.. We also
demonstrate that the propagation behavior of these instabilities depend on the type of ceramic dielectric that
lines the channel. In this study, we compare, in detail, the dispersion characteristics of instabilities in Hall
discharges lined with either alumina (Al,O;) or boron nitride (BN) channels.

II. EXPERIMENTS

I1.1. Laboratory Hall Discharge

The Hall discharge studied here is a laboratory version of a nominally low-power (<1 kW) Hall
thruster, and is described in more detail in previous papers [4-6]. This particular source is intended to be
used as a test bed for studying the discharge physics and not as an operational prototype plasma accelerator,
although the design is similar to that of thrusters used in practice. It consists of an annular ceramic channel,
90 mm in diameter, 11 mm in width, and 80 mm in length. A magnetic field driven by four outer coils, one
inner coil, and three iron plates provide a magnetic field (mostly radial in direction) peaked 5 mm upstream
of the exit of the discharge channel.

Details of the two-dimensional magnetic
field distribution for various magnet currents can
be found in Ref. [5]. Figure 2 shows the axial
1 variation in the radial component of the magnetic
field at the mean radius of the channel, as
computed with a 2-D axisymetric finite-element
1 model, for two values (125 mA and 200 mA) of
the magnetic coil current. Experimental
measurements of the magnetic field distribution
indicate that the radial component of the
| magnetic field drops off by approximately 15 %
at the inner and outer walls of the acceleration
Exit channel. A hollow stainless steel ring with 32
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Fig. 2. Axial variation in the magnetic field distribution ~ discharge. A commercial hollow cathode (Ion
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current to sustain the discharge. The cathode is

mounted such that its exit aperture is approximately 2 cm downstream of the channel (either the Al,O; or
BN) exit.
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II.2. Vacuum chamber

All experiments reported here were performed in a 1 m diameter by 1.5 m long stainless steel vacuum
chamber. Flanged elbows (0.5 m in diameter) at each end of the vacuum chamber supported two 0.5 m
diameter diffusion pumps, operated without baffles for maximum pumping speed (approximately 6000 1/s).
This pumping plant provided an operating pressure of 10 torr, as indicated by an ionization gauge
(uncorrected for xenon). Separate direct-current (DC) power supplies powered the anode, cathode heater,
cathode keeper, and magnet coils. For the measurements reported on here, the xenon flow rate at the anode
was 2 mg/s. An additional 0.3 mg/s of xenon flow was necessary for running the hollow cathode, the body of
which was kept at vacuum chamber ground potential. The discharge voltage and current were monitored
with digital multimeters. Discharge current oscillations were measured with a powered differential amplifier
(Tektronix P5200) placed across a 4 Q series resistor and recorded by a high-speed PC-based 4-channel
digital oscilloscope (National Instruments PCI-5102), with a 20 MHz maximum sampling rate and 12-bit
maximum vertical resolution.



I1. 3. Discharge characterization
- Al203 / 125mA - AI203 / 200mA Current-voltage (I-V) characteristics of the
= BN/125mA_ -+ BN/200 mA thruster operating with both BN and Al,O; walls

35 are shown in Fig. 3. With Al,O; walls, the
31 discharge current increases continuously with
applied voltage, whereas with BN walls, the I-V

251 curve is more characteristic of that of modern Hall
< 2 thrusters, first increasing rapidly (“ionization
o branch”), then decreasing between 100 V-150 V,
31 only to plateau (or increase slightly) between
1] 150 V and 200 V (so called “current saturation”
branch). In the ionization branch, the rapid

0.5 increase in discharge current with increased
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Voltage [V] higher ionization fraction (avalanche ionization).

At higher voltage, the ionization fraction has

Fig. 3. Current-voltage characteristics of the laboratory Hall ~ reached ~a  maximum value (nearly 100%

discharge studied. propellant utilization, i.e., the conversion of

neutral xenon to ionized xenon), and the discharge

current either remains constant or increases slightly due to changes in electron mobility. At present, there is

no satisfactory explanation given so far in the Hall thruster literature about the appearance of the negative

resistance region in the I-V curve, located here at approximately 100V for the discharge with BN walls, even
though it seems to be a general feature of modern Hall thruster behavior.

The difference in the I-V characteristics for the two wall materials suggests that plasma - wall
interactions play an important role in the sustaining of this discharge. Since the earliest near-wall
conductivity theory proposed by Morozov in the 1960s [7], it has been widely accepted that the secondary
electron emission property of the wall material has a significant influence in the discharge behavior. The
secondary electron process is involved through two effects: (i) wall materials with high . give rise to high
cross-field electron conductivity (wall conductivity), since a large fraction of the incident electrons are
returned to the plasma with a new guiding center drift along the direction of the electric field; (ii) the
secondary electrons have energies that are, on average, lower than the primaries, resulting in a cooling of the
discharge, a lower ion production rate and therefore, a lower ion current. Based on recent numerical
simulations on a similar discharge to that studied here [8], it appears that the first effect is predominant at
high discharge voltages, where the electron energy losses to the wall are limited by the space charge-
saturation of the sheath, whereas the second effect dominates in the ionization regime of the discharge. This
is consistent with the results shown in Fig. 2, since over the range of electron energies expected, %.(ALO;) >
%e(BN).

It is noteworthy that the discharge current is not at all “steady” in these Hall thrusters, but rather,
exhibits fluctuations coincident with instabilities in the plasma properties [9]. A detailed study of the
discharge current oscillations seen in this thruster was presented in a previous paper [10]. Below, we
describe a detailed study of intrinsic plasma density disturbances that are excited and propagate within the
discharge channel, as detected using Langmuir probes.

I1.4. Langmuir probes

Plasma density fluctuations inside the channel and near the exit plane were characterized by three
azimuthally placed low-impedance Langmuir probes biased negatively with respect to the plasma potential to
collect the ion saturation current. For isothermal fluctuations, the collected current measures fluctuations in
the local ion density. The exposed part of the probes consisted of a 0.254 mm diameter, 5 mm long tungsten
wire. The remaining body of the probe is made of an alumina tube directly surrounding the tungsten wire
(0.508 mm ID, 1.27 mm OD), followed by a stainless steel tube (1.48 mm ID, 1.58 mm OD), connected to
the braided ground of a 50 Q co-axial cable. The inner tungsten wire was connected to the center pin of the
co-axial cable. This outer stainless steel tubing served as a Faraday shield to isolate the extended probe base
from disturbances other than those at the tip of the probe. The stainless steel tubing was then surrounded by
another alumina tube (1.6 mm ID, 2.3 mm OD) and the entire inside air spaces were potted with an alumina
paste.



The probe body length (10 cm) was minimized so as to reduce its overall capacitance. The frequency
response of the probe was found to be excellent (unity gain and no measurable phase shift within the
measuring device accuracy) up to 1 MHz, with a 3 dB cutoff at 4 MHz. A coaxial transmission line feed-
through provided the transfer of the probe signal through the vacuum chamber to the 4-channel digital
oscilloscope card operating at a 1 MHz sample rate for the measurement reported on here. The recorded
signals were 100,000 samples long. The probes were terminated with 50 Q at the input of the oscilloscope
card. In this way, the probe tips were negatively biased (close to system ground) with respect to the plasma,
which is predominantly at high positive potential, since the anode is maintained at a minimum of 83 V, and
since the near exit plane potential is always greater than 40 V due to the cathode fall and finite electron
temperature.

The orientation of the probes and their relative location and positioning within the thruster are shown
in Fig. 4. The triangular configuration was chosen for capturing both the axial and azimuthal components of
the wavevectors corresponding to propagating plasma instabilities. The exposed parts of the probes were
bent and aligned to be parallel to the radial coordinate in order to prevent shadowing effects. For such an
orientation, there is a directed energy flux in addition to the Bohm flux, and so a quantitative interpretation
of the magnitude of the signal would require a probe theory accounting for the directed ion energy flux on
the front surface of the probe. However, a comparison to prior measurements taken with axially-oriented
probes [11] confirms that the results are not very sensitive to probe orientation, and that current collection is
still in the ion saturation regime.
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Fig. 4. Schematic of probe locations and orientation.

Probe translation along the axial direction was provided by a translation stage driven by a Slo-Syn
stepper motor, powered and controlled by a Compumotor model SX Microstepping Drive/Indexer System.
For this study, the axial locations of probe #1 and #2 varied between a distance of approximately 60 mm
from the anode (z = - 60 mm) and 30 mm beyond the exit plane (z =30 mm), with the z = 0 reference taken
to be the exit plane of the discharge, and negative positions implying that the probe locations are inside the
discharge channel. For any given position z, the location of probe #3 was z - 6 mm.

III. RESULTS AND DISCUSSION

II1.1. Joint frequency-wavenumber spectrum

We determine the propagation characteristics of the plasma density fluctuations [12,13] by building a
two-dimensional wave dispersion (frequency vs. wavenumber) histogram of the fluctuation power. The
recorded signals S(x,¢) are decomposed on a base of complex Morlet wavelets:

S(x,a,7) = [ S(x,1) % Sy ar
a a
where:
2

W) =n"" exp(—%) exp(2it)



The scale a of the analyzing wavelets is the inverse of the chosen frequency fin the histogram. For every pair

of coefficients (&(xl,a,r) ,5 (x,,a,7)), the estimated angular wavenumber 2k, is the phaseshift (i.e. the

phase of the cross-power S*(xl,a,r)g(xz,a,r)) divided by the probe separation distance |x2 -x,|, and the

contribution to the histogram P’ is taken as the mean amplitude:
2 1 N* - N* -
EZ :E S (Xlaaar)S(Xlaa,T)_l_S (X2>aar)S(X2>a,T)

Using wavelet decomposition and time average instead of the classical Fourier decomposition and
ensemble average results in greater statistical robustness of the estimated dispersion characteristics and
allows resolving transients and soliton-like features [13]. This method also allows estimating the second
moment of the spectrum, the wavenumber “spectral width”, analogous to the “kurtosis”, which can be
viewed as a measure of the turbulent broadening of the dispersion relation [12].

The wavenumbers extracted from the pair of signals are projections of the propagation wavevectors on
the probe pair vector:

1
ki, =k-(x, —Xl)m
2 1

However, with a three-probe arrangement, it is possible to determine both the azimuthal and longitudinal
components of the wavevectors by analysis of the signal on any two different pairs of probes. With our
particular arrangement, for every component in the wavelet decomposition, we have for example:
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We verified that a ky analysis with all 3 probes gives similar results as a k;, analysis with only probes #1 and
#2, since these are located purely along the azimuthal direction.
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Fig. 5. Examples of dispersion maps and the dispersion curves for the strongest mode. This case is for the discharge
operating with an Al,O; channel and probes near the region of the peak in the magnetic field. The applied discharge
voltage Uy = 100 V and the coil current Iz = 125 mA.

Figure 5 provides an example of a typical dispersion map (“joint power spectrum”) resulting from this
analysis when probes #1 and #2 are at an axial position of 5 mm upstream of the channel exit (near the peak
of magnetic field) and probe #3 is located at an axial position of 11 mm upstream of the exit. The dispersion
relation of the strongest mode (i.e. the wavenumber of the disturbance contributing the greatest power, as a
function of frequency) is indicated with a black line. It is apparent, that at this location, the disturbances
generally propagate in the direction opposite the electron drift (negative ky), and towards the cathode
(positive k,) at low frequencies. It is apparent then, that at this location, the low-frequency (<60 kHz)
disturbances are tilted azimuthal waves, in particular, the strongest mode at about 10 kHz, with wavelengths



corresponding to approximately 1/3™ -1/4™ of the channel circumference, i.c., with mode numbers between
m =3 - 4. The phase velocity of these low frequency disturbances is ~3%10° m/s.

The corresponding turbulent broadenings (from the wavenumber spectral width) of the disturbances
are shown in Fig. 6. Only the regions where the number of events is above average are shown, for statistical
significance. The dispersion relation of the strongest mode is again superimposed on the plots.
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Fig. 6. Examples of wavenumber spectral width (turbulent broadening), and dispersion relation of the strongest mode.
The experimental parameters are the same as those in Fig. 5.

From Fig. 5 and 6, it can be seen that the strongest fluctuations (frequencies below 30 kHz) have relatively
low spectral widths, indicating that these very low frequency disturbances are very coherent. Between
30 kHz and 80 kHz, there is a region of fairly strong, mostly azimuthal (ky=10-20 m™, k.=0m™)
fluctuations that are somewhat coherent in the azimuthal direction, but appear to be rather turbulent in the
axial direction of propagation. At higher frequencies (>80 kHz), the propagation is still largely along the
azimuthal direction, with kg increasing to as high as 40 m™', however, the broadening now appears along the
azimuthal direction, with rather coherent fluctuations along the axial direction.

III. 2. Plasma density fluctuation maps

In order to compare the effect that the channel wall material has on discharge behavior, the operating
parameters were constrained to an applied voltage of 110 V and an electromagnet current of 200 mA. This
operating point is located on the "knee" of the current-voltage characteristics of the discharge (see Fig. 3), in
the vicinity of the negative resistance region with a BN channel. In this region of the I-V curve, we believe
that there must be some anomalous electron conductivity due to fluctuations, since at higher voltages, as the
total current decreases, the ion current increases as does the electron temperature (and hence wall
conductivity). As discussed above, the lower current for the case of Al,O; walls, in this region, is likely due
to the lower electron temperature (because of its higher 7. ), and hence lower degree of ionization.

Figure 7 plots the spatial and frequency-dependence (k4 on the left, where positive values are along the
direction of the ExB drift, except in the lower pane, where the direction of B is reversed, &, on the right
panels, where positive values are directed towards the cathode) of the component wavenumbers of the
strongest modes, n., and B,. Figure 8 plots the corresponding power spectral maps (left panels) and
propagation angle of the strongest mode (right panels), as well as the amplitude in the plasma density
fluctuations (circles in the left panels) and the local inhomogeneity parameter, L, , defined by [14]:

Lv’l — BV i ne
n, 0z\ B,

This parameter was first introduced as it pertains to Hall discharges for characterizing the growth and
propagation of the so-called “spoke” instability [3].

The first noticeable wall related effect is the difference in the position of the peak plasma density, as
seen in the first two panels on the left side of Fig. 7. For the case of Al,O; walls, the peak in . is located
about 15 mm upstream of the channel exit, whereas with BN walls, it is a further 15 mm towards the anode
(30 mm from the exit). Though not shown in the figure, we have found [10] that with BN walls, the peak




tends to move even further towards the anode at higher voltages (150 V), and towards the exit at lower
voltage (83 V). The shifts towards the anode are accompanied by a narrowing of the spatial distribution.
Similar behavior, although not as pronounced, was seen with the Al,O; walls [6]. This shift in #, can be
understood qualitatively by recognizing that the plasma density is established through a balance between
ionization and ion acceleration. Moving from the anode towards the cathode, the rise in density reflects an
increased ionization (expected to be greater for the case of BN, because of the higher 7, all else equal),
while the subsequent fall in plasma density reflects the acceleration (which is delayed in the case of ALOs,
because of the lower fraction ion current). It is noteworthy that the change in wall material does not seem to
have any significant effect on the location of the secondary plasma density peak at z = -40 mm.
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Fig. 7: Dispersion relation maps and longitudinal profiles of the plasma density and radial magnetic field. The exit plane
is located at z=0. Uy =110 V ; Iz = 200 mA. Top: BN walls. Middle and Bottom: Al,03 walls. Top and Middle: radial
magnetic field oriented inwards. Bottom: radial magnetic field oriented outwards.

As indicated by the curves in the left panels of Fig. 8, the amplitude of the plasma density fluctuations
follows (qualitatively) the spatial variation in the mean shown in Fig. 7. The frequency spectrum of these
fluctuations (the maps in the left panels of Fig. 8) depicts features common to both the BN and Al,O3 wall
cases. The strongest features are concentrated in a narrow peak near 10 kHz, spread throughout the channel,
and are attributed to the so-called “breathing mode” [15]. There is a distribution of broader disturbances
ranging from 20-200 kHz (and beyond) throughout the channel. Note that these spectral maps have been
normalized by the total power in the fluctuations at any given axial location.

With reference to Fig. 7, we see features (peaks and inflections) in the axial profile of #,., and B, that
coincide with the azimuthal and axial propagation characteristics of the strongest modes. For example, the
high frequency (>50 kHz), predominantly azimuthal modes that appear as vertical bands extending to the
limit of the frequencies studied (200 kHz) have directions which correlate with directions associated with the
combined influence of the density and magnetic gradient drifts on the electron fluid, i.e.,
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Here « is the Boltzmann constant and e the elementary charge. For the case of BN walls, as an example,
between axial positions of z=+10 mm and z = 0 mm, the gradient in the magnetic field is negative, implying
a strong magnetic gradient drift along the azimuth, opposite the ExB direction. In this same region, the
density profile also has a negative slope (though not as strong as the gradient in B,), that would drive a
density gradient drift in the ExB direction. The favoring of instabilities along the direction opposite the ExB
direction is consistent with the relative inhomogeniety measured in this region. Between z=0 mm and z = -
10 mm, there is no favored azimuth direction in the propagation of the strongest disturbances, most likely
because of the canceling out of these gradient drifts. Between z =-10 mm and z = -20 mm, both the magnetic
and density gradient drift velocities are in the EXB direction and the disturbances are seen to propagate
predominately in the ExB direction, as evidenced by the small axial component wavenumber as seen in the
right panel of the figure. It is noteworthy that this strong disturbance that propagates in the ExB direction is
not observed in the case of Al,O3 (middle left pane), because of the nearly overlapping density and magnetic
field profiles. Just beyond z = -20 mm, the propagation direction is again opposite the EXB direction, driven
largely by the gradient in the density field. Surprisingly, the direction of propagation (maps in the right
panel of Fig. 8) and amplitude of the disturbances (curves in the left panel of Fig. 8) only mildly track the
local inhomogeneity parameter, which is also plotted as a line in the right panel of Fig. 8.
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Fig. 8. Left: Frequency spectral maps. Experimental conditions are the same as in Fig. 7. For every position, the
spectrum is normalized to the total power (circles). Right: Propagation angle of the strongest mode, and local

inhomogeneity parameter Lv_l (circles; above the dashed line means positive value). A propagation angle of zero (in

radians) indicates a purely axial mode, and 7/2 a purely azimuthal mode.



The bottom two (left and right panels) of Fig 7 show that reversing the magnetic polarity does have an
effect on the strength and direction of propagation of these disturbances. It is apparent that the propagation
characteristics along the azimuthal direction reverse, whereas the characteristics along the axial direction are
largely unchanged. This result provides support for the case that these disturbances are gradient-driven,
deriving their energy from the work done by forces on the electron fluid by the gradients in field property. It
is important to note, however, that reversing the field did alter the shape of the secondary plasma peak near
z=-40 mm. With the field configuration giving rise to the properties in the middle panel, there are
competing gradients which may tend to cancel, hence no favoring in azimuthal direction, whereas with the
reversed field, the gradients are always aligned in this region, giving rise to a favored direction opposite that
of the ExB drift.

It seems that, with the exception of a small region near the peak density in the BN channel, the axial
component wavenumbers of disturbances at high frequencies (>50 kHz) are almost always directed towards
the anode, in the net direction of electron migration. There are regions of the plasma, within the ionization
zone, where low frequency disturbances propagate towards the cathode. These seem to be stronger in the
case of ALLO; walls. The velocity of these instabilities are ~10 km/s, which is very close to the ion velocity,
making it tempting to assign these to the so-called “transit-time” [1,2,9], as these instabilities have little or no
azimuthal component to their direction of propagation.

As discussed in the early Hall discharge literature [3,14,16,17], the low-frequency (<200 kHz)
disturbances studied here are believed to contribute to anomalous electron conductivity. While an estimate of
the axial electron current, either measured directly [6], or through the measurement of correlated azimuthal
electric field fluctuations [3] has not been carried out in this study, we can estimate the effect that these
fluctuations have on electron transport, from the statistical theories relating the turbulence intensity of the
plasma density fluctuations to the cross-field mobility [18]. We find that for the relatively low voltages
studied here, the Hall parameters are approximately 100, which are somewhat larger than the levels expected
for Bohm conductivity (~16), yet somewhat below those expected based on classical molecular scattering
(~500-1000, see Ref. [6]). The spatial variation in the inverse Hall parameters derived from the turbulence
intensities do show a noticeable drop near the region of strong magnetic field, in agreement with previous,
more direct measurements of the Hall parameter, on this same discharge [6]. The reason for the drop in the
turbulence intensity is still the subject of ongoing research, and is speculated to be attributed to the strong
axial variation in the azimuthal electron velocity [19].

IV. SUMMARY

Electrostatic probes were used to characterize low frequency instabilities in a laboratory Hall
discharge operating with alumina and boron nitride. A wavelet decomposition analysis of these probe
signals was used to determine the dispersion characteristics, which have a strong dependence on the axial
location within the channel. The strongest disturbances appear to be excited by the gradient driven azimuthal
drifts in the electron flow, over the frequency range of 50 — 200 kHz. The correlation in both the direction of
propagation and the strength of the fluctuations seem to only mildly track the sign and magnitude of the local
inhomogeneity parameter. It is noteworthy that the turbulence seems to be highly anisotropic. Near the peak
in plasma density (where fluctuations are strongest) there is a significant turbulent broadening predominantly
in the azimuthal direction at higher frequencies (>80 kHz), predominantly in the axial direction at lower
frequencies (20-50 kHz), and very little broadening at low frequencies (10 - 20 kHz), where the disturbances
are of large scale (m = 3 or 4), and very coherent.

While the general behavior seen with the two wall materials is similar, a noticeable difference is in the
location of the ionization zone, as determined by the location in the peak of the plasma density. The location
of the ionization zone with alumina walls remains very close to where the magnetic field peaks, whereas
with boron nitride walls, they are separated by 20-30 mm. As a result, the direction of the gradient driven
electron drift in these two cases differ somewhat, leading to differences in the propagation characteristics of
the disturbances. While this suggests that the differing wall properties may have an indirect effect on the
development of instabilities, it is still unclear as to whether there are direct mechanisms by which the
interaction of the wall with the plasma enhance or suppress the growth of these instabilities. Theoretical and
experimental studies to address this question are the subject of future papers.
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