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Spokes are azimuthally propagating perturbations in the plasma discharge of Hall Effect
Thrusters (HETSs) that travel in the E x B direction. The mechanisms for spoke formation
are unknown, but their presence has been associated with improved thruster performance
motivating a detailed investigation. The propagation of azimuthal spokes are investigated
in a 6 kW HET using high-speed imaging and azimuthally spaced probes. The spoke veloc-
ity is determined from high-speed image analysis using three methods with similar results.
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flow rates (14.7, 19.5 and 25.2 mg/s) are between 1500 and 2200 m/s across a range of mag-
netic field settings. The spoke velocity is inversely dependent on magnetic field strength
for lower B-fields and asymptotes at higher B-fields where a different oscillatory mode is
noted in the thruster. An empirically approximated dispersion relation of w® = v kg — wd,
where o > 1 yields a characteristic velocity that matches the ion acoustic speed for ~ 5 eV
electrons which exist in the near-anode and near-field plume regions of the discharge. Dis-
persion plots from ion saturation reference probes in the plume 1.5 mean discharge channel
radii downstream are qualitatively similar to high-speed imaging dispersion plots of the dis-
charge channel. Spoke velocities calculated from the probes are consistently higher by 30 %
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dard drifts and plasma waves such as E x B drift, electrostatic ion cyclotron, magnetosonic
and various drift waves calculated from plasma properties internal to the discharge channel.
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Nomenclature

Ay = amplitude for Lorentzian fit, arb. units Hz !
B = magnetic field, T

B,/B} = normalized magnetic field

c = speed of light, m s™!

1,2 = linear fit coefficients

E = electric field, V m~!

f = frequency, Hz

fe = camera frame rate, frames s~ !

fm = peak frequency for spoke order m, Hz

fo = center frequency for Lorentzian fit, Hz
Irvom = inner, outer magnet coil current, A

j = discharge current density, A cm ™!

ko = azimuthal wave number, rad m~!

Lenmi = discharge channel length, m

Ly, = probe spacing, m

Ly, = gradient length scale for parameter o, m
m = gpoke order

Momin = minimum spoke order

M e = ion, electron mass, kg

Npins = number of bins

N¢, = number of frames

n = plasma density, m 3

Nie = ion, electron density, m—>

N = neutral density, m—3

PSD = power spectral density, arb. units Hz !
q = elementary charge, C

Renn = mean discharge channel radius, m

Rjp, = linear cross-correlation between b; and by,
r = radial location, m

T, = electron temperature, eV

tq = probe time delay, s

ik = time delay from bin n to m, s

Vi = plasma potential, V

7 = Alfvén speed, m s~ !

Veh = characteristic velocity, m s~!

Vgr = group velocity, m s~}

Vph = phase velocity, m s~!

Vs = ion acoustic velocity, m s~!

Vep = spoke velocity, m s~ !

Vspjk = spoke velocity from bin n to m, m s=1
Vih, = electron thermal velocity, m s—!

A7 = azimuthal velocity, m s~!

Wi = weighting for spoke order m

z = axial location, m

« = dispersion relation power dependence

I6) = spoke velocity to B,./B power dependence
r = full-width at half maximum for Lorentzian fit, Hz
€0 = permittivity of free space, F m ™!
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n = plasma resistivity, Q2 m

Ab; ) = angular difference from bin n to m, deg
9sp = spoke angular velocity, deg s —*

A = wavelength, m

140 = permeability of free space, H m ™!

Oz = standard deviation or standard error of variable x, units of x
Ts = shutter period, s

Ppr = probe phase lag, rad

Q. = electron Hall parameter, rad s !

w = frequency, rad s—!

Weh = characteristic frequency, rad s—!

Weie = ion, electron cyclotron frequency, rad s~!
Win = lower hybrid frequency, rad s~!

Wpi,e = ion, electron plasma frequency, rad s—!

I. Introduction

Spokes were first observed in Hall Effect Thruster (HET) type devices by Janes and Lowder! and they
were identified as a possible mechanism for cross-field transport. Research on a Cylindrical Hall Thruster
(CHT)? 3 showed that up to half of the discharge current can pass through a spoke. It was also reported that
the CHT performance (measured by discharge current) increased when the spoke was not present.? This can
lead one to conclude that spokes are detrimental to HET performance. However, the annular device studied
by Janes and Lowder differed from modern HETs and the CHT has a significantly different magnetic field
topology and physical geometry (no inner wall); so direct comparisons may not be appropriate with those
systems to modern annular HETs such as the SPT-100 and H6.

Research by Brown® and McDonald® on low voltage operation showed that thruster performance was
increased when spokes were stronger in the H6. Recent results by Sekerak” on mode transitions clearly shows
that spoke behavior was dominant in so-called “local oscillation mode” where the thruster exhibited lower
mean discharge current and discharge current oscillation amplitude. The H6 thrust-to-power is maximum
when the thruster is operating in local mode with spokes clearly propagating and no significant breathing
mode. Ref. 7 raises the causality question of whether spokes are responsible for the improved thruster
performance or are indicators when the thruster is running optimally. Regardless, the association of spokes
with improved thruster performance in the H6 drives us to understand the fundamental mechanisms of spoke
mechanics in order to improve thruster operation.

This paper is organized as follows. Section II reviews the experimental setup and findings of the recent
investigation into mode transitions that were intentionally induced by varying magnetic field. Section III
describes different methods for calculating azimuthal spoke velocity and shows how the spoke velocities vary
with magnetic field strength using the data acquired from the mode transition investigation. Section IV
identifies possible mechanisms for spoke formation and investigates different drifts and plasma oscillations
that may be responsible for azimuthal spokes. Section V discusses the possible implications of observed
spokes, a different mode of plasma oscillations spoke velocity and wall effects on spoke propagation. Sec-
tion VI summarizes the results of three different methods used to calculate spoke velocity with the correlation
method as the preferred technique. Across a range of normalized magnetic field settings, the spoke velocity
is 1500-2200 m/s for all operating conditions. The spoke velocity is inversely dependent on magnetic field
strength for lower B-fields and asymptotes at higher B-fields where a different oscillatory mode is noted in the
thruster. An empirically approximated dispersion relation of w* = v kg —wS;, where a > 1 yields a charac-
teristic velocity that matches the ion acoustic speed for ~ 5 eV electrons which have been measured in the
near-anode and near-field plume regions of the discharge channel. Several different mechanisms and plasma
waves are considered for spoke propagation with work continuing to identify the most likely mechanism.
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II. Review of Mode Transition Oscillations

This section reviews a recent investigation into mode transitions in HETs that were intentionally induced
by varying magnetic field strength.” The high-speed imaging results and probe data from this experiment
are used in Section IIT to develop methods for calculating azimuthal spoke velocity and determine how spoke
velocity varies with magnetic field strength.

HETSs have been under development for over 50 years with significant experimental and flight histories
and mode transitions have been commonly observed throughout their development as noted by some of the
early pioneering Russian research.” HETs have several parameters that define a single operating point such
as discharge voltage, magnetic field strength (or magnet coil current), anode mass flow rate and cathode
mass flow rate. Laboratory HET discharge power supplies operate in voltage regulated mode where the
discharge voltage between the anode and cathode is held constant and the discharge current is allowed to
fluctuate. A general, qualitative description of mode transition can be deduced from previous research as
the point while varying one parameter and maintaining all others constant, a sharp discontinuity is observed
in the discharge current mean and oscillation amplitude. In one mode, the discharge current oscillation
amplitude is small with respect to the mean discharge current value, while after the mode transition the mean
discharge current rises sharply as well as the oscillation amplitude. Previous researchers have identified mode
transitions in HETs> % 10 where a small change in a thruster operating parameter such as discharge voltage,
magnetic field or mass flow rates causes the thruster discharge current mean and oscillation amplitude to
increase significantly and decrease thruster performance.” Thrust-to-power is maximized in the mode where
azimuthal spokes are present and begins to decrease by up to 25% when absent. Although spokes are
not identified as the cause of the increased performance, their association suggests that investigating the
underlying mechanism of spokes will benefit thruster operation.

8

A. Thruster and Facilities

A recent experiment induced mode transitions in a
6 kW class laboratory HET called the H6 shown
in Fig. 1. The experimental setup is described
in detail in Ref. 7 and only pertinent details are
repeated here. The investigation was conducted
in the Large Vacuum Test Facility (LVTF) of the
Plasmadynamics and Electric Propulsion Labora-
tory (PEPL) at the University of Michigan. The test
matrix included variations in discharge voltage and
xenon propellant flow rates. Propellant mass flow
rates tested were 25.2, 19.5 and 14.7 mg/s through
the anode and 1.8, 1.4 and 1.0 mg/s (7% cathode
flow fraction) through the LaBg cathode. Discharge
voltages of 300, 400 and 450 V were applied be-
tween the anode and cathode. The xenon corrected
chamber pressures were 8.5 x 1076, 1.1 x 107° and
1.4 x 1075 Torr for 14.7, 19.5 and 25.2 mg/s anode
flow rate, respectively. These pressures were mea- Figure 1: (Left) H6 with direction of magnetic field
sured with an external ionization gauge and differ and E x B shown. (Right) Profile picture of the H6
from the previously reported pressures’ that were operating at nominal conditions with magnetic field
measured with a nude ionization gauge. Both of stream lines overlaid and discharge channel outlined.
these gauges are mounted at the top of LVTF above Reproduced from Figure 6 of Ref. 7.
the thruster (~3 m away) and the pressure measure-
ment uncertainty was estimated to be 20%.'' A more complete discussion of pressure measurements and
pressure effects on HET operation is provided by Walker. 2

The H6 was a joint development effort of the University of Michigan, the Air Force Research Laboratory
(AFRL) at Edwards AFB, and the NASA Jet Propulsion Laboratory (JPL); a separate copy of the thruster
is maintained at each institution. It is notable for its high total efficiency; e.g., 64% at 300-V (6-kW) with
a specific impulse of 1950 s and 70% at 800-V (6-kW) with a specific impulse of 3170 s.*® Since first firing
in 2006, the H6 has been well characterized by a variety of diagnostic and modeling techniques at Michigan,
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AFRL and JPL. Six experimental doctoral dissertations have focused on the thruster to date, which have
spawned numerous associated conference and journal articles.

The magnetic field shape shown in Fig. 1 was kept constant during testing, though the magnitude, noted
by B,/B}, was varied throughout the testing in order to induce a mode change within the H6. The quantity
B, /By is the maximum radial magnetic field value at a particular setting of inner magnet (I;ps) current
and outer magnet (Ipps) current divided by the nominal maximum radial magnetic field. The nominal
magnetic field (B}) strength (i.e., for maximum thruster performance) at 300 V and 20 A discharge current
is Irar = 3.50 A and Ippr = 3.13 A.13

B. FastCam and ISR Probes

High-speed imaging was acquired with a Photron SA5 FASTCAM with a Nikon ED AF Nikkor 80-200 mm
lens at its maximum aperture f/2.8. The SA5 is capable of up to 1,000,000 fps with 128 x 16 pixel resolution,
but was used at 87,500 fps with 256 x 256 pixel resolution for this testing. The camera was 6 m downstream
from the thruster outside LVTF with a view of the thruster through a viewport. Details of the McDonald
technique are given in Refs. 14 and 7, but a brief summary is provided here. The video is imported into
MathWorks MatLab where each frame is a 256 x 256 matrix of light intensity values and the AC component
is subtracted individually from each pixel. The discharge channel is isolated and divided into 180 two-degree
bins. The pixels in each bin are averaged together generating a 180 x 1 vector of light intensity for each
frame. A 2-D plot of all frames is the spoke surface where the ordinate is azimuthal location around the
discharge channel in clock positions and the abscissa is time with each vertical column of values representing
one frame of video. Adding all bins together yields the m = 0 or mg mode and was first shown by Lobbial®
to linearly correlate to the discharge current. During the mode transition investigation of Ref. 7 the same
strong, linear correlation was also observed and used as the basis for converting light intensity to discharge
current density with several assumptions.

The spoke surface or discharge current density surface yields valuable information on plasma oscillations
within the discharge channel by showing the time-resolved, azimuthal distribution of light intensity. Vertical
features represent extremes in discharge current density that occur everywhere in the channel simultane-
ously. Diagonal features are perturbations in discharge current density that propagate azimuthally around
the discharge channel. Lines from upper-left to lower-right are propagating counter-clockwise around the
discharge channel and lines from the lower-left to upper-right are propagating clockwise. The E x B direction
in the H6 is counter-clockwise since the B-field direction is radially out. It was shown that all azimuthally
propagating features are in that direction represented by lines from upper-left to lower-right with the slope
corresponding to propagation velocity in deg/s. The High-speed Image Analysis (HIA) and two-dimensional
Power Spectral Density (PSD) are discussed further in Section III.C.

Ton saturation reference (ISR) probes were positioned 1.5 discharge channel mean radii downstream at
the 6 o’clock position on thruster center line as shown in Figure 9 of Ref. 7. The ISR probe gap was
29.5 £0.5 mm apart, which corresponds to 21.4° + 1.7° of azimuthal spacing; i.e., ~ 11° on either side of 6
o’clock. The probes were 0.13 mm diameter pure tungsten wire with 3 mm exposed. The ISR probes were
biased to -30 V with respect to ground, which is more than 16 Te below the plasma potential and therefore
are safely in ion saturation. The ISR current is measured external to the LVTF across a 100 Q shunt
resistor through an Analog Devices AD 215 120-kHz low-distortion isolation amplifier. The data acquisition
system used to record discharge current and the ISR signals are sampled at rates up to 180 MHz with 16-bit
AlazarTech ATS9462 digitizers.

C. Transition Results

The magnetic field B,./B} was varied by changing the inner and outer magnet coil currents in a constant
ratio with all other parameters held constant including flow rates, discharge voltage, and chamber pressure.
Maintaining a constant 1.12 ratio of inner to outer coil current allowed the magnetic field magnitude to
be varied without changing the shape shown in Fig. 1. Decreasing B,./B; below a certain threshold was
shown to repeatedly induce a mode transition where the mean discharge current increased and the discharge
current amplitude increased. An example of this transition is shown at the top of Fig. 2. The mean discharge
current and oscillation amplitude (Root-Mean-Square or RMS) are lowest in local mode (B,./B; > 0.61 and
then increase sharply in global mode (B, /B; < 0.61). The transition point is B, /B |trans = 0.61. A defined
transition B,./B} is misleading because there is a transition region where the plasma exhibits both types of
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oscillations as shown in Fig. 2, however the transition typically occurred over only ~ 10% change in B,./B.
Figures 12, 13 and 14 of Ref. 7 shows that B,/B}|trans increases with increasing flow rate and discharge
voltage. The spokes shown in Fig. 2 for B,/B} = 1.00 and 1.48 are localized oscillations that are typically
10-20% of the mean discharge current density value, while the oscillations in global mode B, /B = 0.52 can
be 100% of the mean value.
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Figure 2: B-field sweep for 300 V, 19.5 mg/s showing transition at B,/B} = 0.61. The discharge current
mean and oscillation amplitude are shown with the transition and for B, /B; settings selected for further
analysis. The middle row plots are HIA PSDs and the bottom row plots are discharge current density. The
scale range for B,./B; = 0.52 discharge current density is larger due to the magnitude of oscillations. A
500-Hz moving average filter has been applied to smooth all PSDs. Reproduced from Figure 17 of Ref. 7.

The modes are described in Ref. 7 as global oscillation mode and local oscillation mode. In global
mode the entire discharge channel is oscillating in unison and spokes are either absent or negligible with
discharge current oscillation amplitude (RMS) greater than 10% of the mean value. Downstream azimuthally
spaced probes show no signal delay between each other and are very well correlated to the discharge current
signal. In local oscillation mode perturbations in the discharge current density are seen to propagate in the
E x B direction with clear spokes shown in a HIA PSD. The discharge current oscillation amplitude and
mean values are significantly lower than global mode. Downstream azimuthally spaced probes show a clear
signal delay between each other indicating the passage of spokes but are not well correlated to the discharge
current indicating localized plasma oscillations within the discharge channel. The mode transitions were
consistent across different tests and showed no hysteresis, but did change at different operating conditions.
The transition between global mode and local mode occurred at higher B,./B; for higher mass flow rate or
higher discharge voltage. The investigation did not conclude a mechanism that caused mode transitions,
but that work is ongoing. The thrust was constant within experimental error through the mode transition
but the thrust-to-power ratio decreased by 25% for the 14.7 mg/s flow rate; the peak in thrust-to-power
occurred near the transition point. The plume showed significant differences between modes with the global
mode significantly brighter in the channel and the near-field plasma as well as exhibiting a plasma spike on
thruster centerline. For the external cathode case the plasma spike disappeared in local oscillation mode.

It was concluded that the H6 and likely any similar thruster should be operated in local oscillation
mode to minimize discharge current and maximize performance. Thruster performance maps should include
variation in discharge current, discharge voltage, magnetic field and flow rate to identify transition regions
throughout the life of a thruster. Mode transitions provide valuable insight to thruster operation and suggest
improved methods for thruster performance characterization.
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ITI. Spoke Velocity Measurements

The spoke velocity can be calculated from either the high-speed imaging or the azimuthally spaced
probes using several different methods. Spokes are observed to propagate at a range of velocities, so there
is a distribution associated with the speed akin to a distribution function. The methods below will identify
one representative velocity for spoke propagation.

A. Manual Method

Spokes are unambiguously observed in the FastCam videos and are obvious even to the casual observer as
bright regions rotating azimuthally around the discharge channel. Using the McDonald technique to create a
spoke surface,”* the spokes appear as diagonal stripes in the spoke surface as shown in Figure 11 of Ref. 7.
This technique divides the discharge channel into 180 two-degree bins of averaged light intensity and a video
consisting of Ny, frames will yield a 180 x Ny, spokes surface.

The most obvious technique to calculate spoke velocity is to fit lines to the diagonal stripes on the
spoke surface; the slope of which represent spoke angular velocity ésp in deg/s. In the FastCam videos and
subsequent video enhancement (c.f. Figures 2 and 3 from Ref. 16), spokes are observed to fill the entire
channel width. Therefore, spoke angular velocity is converted to a linear velocity using the mean channel
radius, Repni

Vop = (27 Ren1 /360) O (1)

In order to determine an average spoke angular velocity, 45 to 50 lines are manually fitted to a normalized
spoke surface as shown in Fig. 3 for B,/B} = 1.00, 300 V and 19.5 mg/s. A normalized spoke surface shows
the spokes more clearly without altering their characteristic slope. To normalize a spoke surface, each frame
(vertical line) has its mean value subtracted and is divided by its RMS value. In order to test the uncertainty
due to human error and repeatability, 50 lines were fitted to the same propagating spoke with a standard
deviation of 39 m/s; this will be shown to be within the standard deviation of a typical velocity distribution.
The velocity distribution for the spoke surface example of Fig. 3 is shown in Fig. 4 where the spoke velocity
is 1530 + 180 m/s and the uncertainty is the standard deviation of the distribution.

10

= Distribution

| === Average ,"I I",I

3 ‘: .":I k 50 nvs Bin Size
E 3 I|'I ‘
£ 2 = -

1 A—»«: \"-<"' s, x

10000 - 1200 14‘00 73‘00 15‘[:0 . 2:]00 : 2200

Velocity, mis

Figure 3: One millisecond segment of a nor- Figure 4: Velocity distribution for the manu-
malized spoke surface showing 14 of 47 man- ally fitted lines in Fig. 3. The black dashed
ually fitted lines for B, /B = 1.00 line is the mean of the 47 measurements.

More sophisticated techniques will be introduced in later sections, but those results should be within
the range of this straightforward, yet labor-intensive approach. Representative uncertainties for the manual
method are the mean uncertainties in Fig. 9 of 190 m/s and 180 m/s for 300 V and 400 V, respectively.

B. Correlation Method

The correlation method uses linear cross-correlation to determine the time delay between oscillations in light
intensity at different azimuthal locations in the discharge channel. The time delay represents transit time
for a spoke to travel from one azimuthal location to another and is used to calculate angular and linear
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velocity. By comparing a large quantity of azimuthal locations (O10?) a representative spoke velocity can
be calculated.

Starting with the normalized spoke surface as discussed above, the time-history signal of light intensity
for each bin is a 1 x Ny, vector representing light fluctuations at that azimuthal location for the duration of
the video which is typically 150 to 250 ms (N, ~ 13 x 103 to 22 x 103). A 1 ms segment of four normalized
light intensity traces are shown in Fig. 5 for reference. A linear cross-correlation analysis of the signals
between two bins, b; and by, at different azimuthal locations with an angular difference of Af;; degrees
will yield the time, ¢;, it took on average for a spoke to propagate around the channel from b; to by. The
cross-correlation function is'”

oo

1T
Ry, =Tlgn T/o bj (t) by (t + 7)dt (2)

Signal delays for non-frequency dispersive propagation can be identified by peaks in Rj; where the highest
peak is the time offset, ¢; ;. Fig. 5 shows an example of the time offset for three azimuthal locations (30°,
50° and 70°) referenced to 12 o’clock on the thruster face calculated from linear cross-correlation. Five peaks
in light intensity (spokes) are selected and shown how they propagate around the thruster in Fig. 5. The
spoke velocity, vgp; k., from b; to by is

Vspjk = (27TRchnl/360)A9jyk/tjyk (3)

The spoke velocity for the correlation method is the mean spoke velocity calculated between Ny;,s compared

1
Ver = Noins ;%Vsm’k @

In principle, the spoke velocity can be calculated
from the average time delay using every combination
of the 180 bins, which would be over 32,000. How-
ever, practical considerations limit the range of bins
that can be compared. The camera frame rate is
87,500 fps so each frame represents 11.4 us. A spoke
traveling at 2000 m/s will travel 16° or 8 bins in the
time span of one frame. Therefore, a practical lower
limit is Af;; > 20° or 10 bins. A single spoke typi-
cally propagates one-quarter of the discharge chan-
nel circumference for most B-field settings. In strong T T T R
spoke regimes, a single spoke will propagate one-half Lime, ms
to even the entire channel circumference. A reliable Figure 5: Light intensity traces for 4 azimuthal lo-

upper limit for automated processing is to only com- cations from the normalized spoke surface in Fig. 3.
pare bins where Af;; < 70° or 35 bins. In Fig. 5, Selected locations are thruster 12 o’clock as the refer-

6 cycles can be identified in ~0.55 ms, which corre- €1C€ and 30°, 50° and 70° CCW from 12 o’clock. The
sponds to ~11 kHz or a spoke period of 7, ~ 90 ps. offset times are calculated via linear cross-correlation
Due to signal noise, the cross-correlation peak oc- {rom 12 o’clock to the other locations. Five peaks have

casionally matches to a spoke ahead or behind the been selected to demonstrate how spokes propagate
correct spoke so the calculated offset time is in er- CCW around the thruster using the calculated offset

Mormalized Taght Tnienlsity

ror by one or two 7s,. Although this occurs more times.
often when Af;;, > 90°, it occasionally occurs for
Af; 1, < 70°. These points are easy to identify via manual inspection, but reject criteria is set for automated
data processing so any spoke velocity outside of 500 to 3500 m/s is rejected. In order to reduce computational
time, only 90 bins (every other bin) are used for reference start points. All bins from bin 10 to 35 CCW
from the reference bin are used for comparison. Therefore, j is 1, 3, 5, ... to 180 and k is 10 to 35 in Eq. (4)
which yields a maximum of N5 = 2430 possible points. The spoke velocities for smaller A§; ;. will have
larger uncertainty because half of the camera frame period (5.7 us) represents a large fraction of the spoke
travel time (~ 14 ps to travel 20°). The standard deviation can be reduced by choosing a larger value for
the lower limit of A instead of 20°, but the number of points used in the calculation, Ny, will also be
reduced, so a balance must be reached.

Using the correlation method on the spoke surface in Fig. 3 yields a spoke velocity of v, = 1470 £270 m/s
where the uncertainty is the standard deviation of the velocities used in Eq. (4). This is within 4% of the
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manual technique described above. For this data point Np;,s = 2266 of the possible 2430 points are used
for 20° < Af;, < 70°. The manual method and correlation method produce very similar results as shown
later in Figs. 7 and 9. Representative uncertainties for the correlation method are the mean uncertainties in
Fig. 9 of 280 m/s and 260 m/s for 300 V and 400 V, respectively. The correlation method is important since
it is an automated and reliable procedure of providing the same results as the laborious manual method.

C. Dispersion Relation Method

Dispersion relations are common place in plasma physics to describe the relationship between oscillation
frequency and wave number. This method determines the spoke velocity from the phase velocity of an em-
pirically determined dispersion relation. The 2-D Power Spectral Density (PSD) identifies a peak frequency
for each spoke order, which is equivalent to wave number, and thus yields a dispersion plot from high-speed
imaging results. An assumed functional form is fit to the data in order to calculate the numerical values for
the dispersion relation.

The high-speed image analysis (HIA) method developed by McDonald!'® and described in detail in Ref. 7
generates Power Spectral Densities (PSD) from the 2-dimensional spoke surface. Fig. 6. shows examples
for the 300 V, 19.5 mg/s test case where peaks are clearly visible for each spoke order, m. As described by
McDonald in his original derivation,'* m is analogous to number of wave lengths per channel circumference.
Hence m = 0 or my is no wave in the channel (the entire channel is dark or bright), m = 1 means one
wave in the channel (one half bright, the other dark), m = 2 is two waves per channel (two bright regions,
two dark regions), m = 3 is three waves per channel (three bright regions, three dark regions), etc. In the
literature m is often called the wave mode, but we call it spoke order to avoid nomenclature confusion with
the HET operational modes discussed in Section II. The azimuthal wave number, kg, is calculated from the
spoke order by kg = m/r. Fig. 6 shows each spoke order has a unique peak frequency that is typically
3-5 kHz higher than the previous m. Therefor, the HIA PSDs can be used to generate dispersion plots of
peak frequency w versus wave number kg.

PETY, Arle ThiisHe
PETY, ArleUhniisiHe

5 an 15 n 5 an 25 an 45 an 25
Frequaney, kHz Fragueney, kHz
£ 10

Lisparsien Plot

—a— ik =125

Tregquency. ralis

—e— 5 5 =100

PED, Arl: ThidlsHe

I AT B S
Froquoeney, kHe Wave Mumlber, rad'm

Figure 6: HIA PSDs for B,/B;} = 1.25, 1.00 and 0.73 for 300 V and 19.5 mg/s with m = 0 — 10 shown. A

500 Hz moving average window has been applied to each PSD trace to reduce noise. Bottom right: the peak

frequencies are identified and plotted versus wave number for corresponding dispersion relations.

The HIA PSDs are a powerful tool for understanding the plasma oscillations associated with HET oper-
ation. Ref. 19 showed that ion saturation reference probes identified the same peak frequencies as the HIA
PSDs indicating that spoke related oscillations extended out into the plume. The same spoke surface that
generated the normalized spoke surface in Fig. 3 was used to generate the HIA PSD for B,/B} = 1.00 in
Fig. 6. Note the most dominant peak for B,/B} = 1.00 is m = 4 at 10.4 kHz, which is close the crudely
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estimated frequency from Fig. 5 of ~11 kHz.
In order to automatically identify the peak frequencies for each spoke order, the PSDs are first smoothed
with a 250 Hz moving average filter and the maximum value identified. Due to noise from the DFT the
maximum value is not always the frequency at the center of the peaks seen in Fig. 6 so a Lorentzian ® of
the form -
PSD (f) - @ 22 1) 2
T (f = fo)" + (1)

is fitted to a segment of the PSD around the maximum value. The fit variables in Eq. 5 are the full-width at
half maximum I', amplitude Ag, and center frequency fy. This identifies the frequency fo or wq at the center
of the primary peak for each m. Example dispersion plots using this technique for the three HIA PSDs are
also shown in Fig. 6.

For high magnetic field strength, B,./B} = 1.25, the higher spoke orders are most prominent with m = 10
showing a peak near the same height as m = 5. At the nominal setting, B,/B} = 1.00, the spoke orders
m = 3 — 5 are an order of magnitude higher than m > 6, although peaks are visible up to m = 10. At
the lowest magnetic field setting, B,/B} = 0.73, spoke orders m = 3 — 5 are still dominant but lower in
magnitude than B, /B; = 1.00. Although very weak, peaks are still visible for m = 6 — 9. As magnetic field
is increased, the frequency of each spoke order decreases as shown in the PSDs and dispersion plot in Fig. 6.

Dispersion relations can be of any functional form and can be quite complicated as will be discussed in
the next section. However, we begin the analysis of HIA dispersion plots like the ones shown in Fig. 6, with
a simple functional from

()

w® = c1ky + co (6)

where « is a power dependance and ¢; and cs are linear fit coefficients from a least-squares curve fit to the
dispersion plots. Here only powers of « = 1 and 2 will be considered, but higher powers are not precluded.
In the spirit of the many elementary plasma waves found in homogenous plasmas, Eq. (6) can be written as
a dispersion relation of the form

w® = ve kg —wep (7)
where vgp, = ci/ % is a characteristic velocity such as ion acoustic speed or Alfvén speed and w.;, = |02|1/ *is
a characteristic frequency such as the ion cyclotron frequency or plasma frequency. The unexpected minus
sign in Eq. (7) results from the fact that ¢y is always less than zero for all fits. This can be seen from the
example dispersion plots in Fig. 6 where the ordinate intercept is w < 0 when extrapolating backwards for
m < 2 using the points from 3 < m < 12. The physical implications of co < 0 is a limit of v, k§ > w, for
w to be real, otherwise it will have a growing imaginary component and thus be unstable. This implies the
only spoke orders that can exist are

Weh
m > Rchnl

-~ (8)

In practice, M4y, is typically 3 or 4. The phase velocity, v,;,, and group velocity, vg,., from the dispersion

relation in Eq. (7) are
aql/a
w @ Weh,
== v () ] )

Oow Ven \ &
Vor = g, VP (%) (10)

Eq. (9) shows that the phase velocity will always be less than the characteristic velocity and Eq. (10) shows
the group velocity will always be greater than the phase velocity. In the limit of (wep/(kgven))® < 1 that
follows from Eq. (8), a binomial expansion of Eq. (9) yields a simplified phase velocity

1 Weh “ o 1 Mmin \ ¢
VMVmPa(mW)]“*Pa<m,)] (11)

With the FastCam frame rate at 87,500 fps the Nyquist limit is 43.8 kHz (2.75 x 105 rad/s) which is the
asymptotic peak value for m > 12 observed in the dispersion plots of Fig. 6. In fitting the simple dispersion

2Recommendation of M. McDonald for determining peaks in 2-D FFTs.
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relation of Eq. 7 to the data in Fig. 6, a parametric study was done to determine the limits on m. Three
different ranges were selected for spoke orders: 3 < m < 8,9,10. In general the results were not sensitive to
the upper limit of m used, but the m = 8 case had more variation in characteristic velocity. For all future
comparison plots the range of m used for curve fitting will be m =3 — 9 and a« = 1,2 in Eq. (6).

The manual and correlation methods described above both identify a single, dominant spoke velocity for
a given magnetic field setting and operating condition. However, the phase velocity from Eq. (9), which is
assumed to be the spoke velocity, is a function of wave number. Fig. 7 shows v,, as a function of spoke
order m as a proxy for kp for 300 V and 400 V and o = 1,2 (o = 3 is very similar to a = 2 and is not
shown). A single, representative spoke velocity can be calculated from a weighted average spoke velocity
using the PSD value at the peak frequency f,, as the weighting factor w,, for each m. The spoke velocity
and weighting factors are

9
Vsp = Z WmVph (12)
m=>5
PSD(f,
= PSDUn) -
2:5 PSD(fm)

The HIA PSDs shown in Fig. 6 show that certain spoke orders are dominant at different magnetic field
settings, with spoke orders m = 4 and 5 are dominant for B,./B} < 1.0. Fig. 7 shows for 300 V the phase
velocities for m = 3 are far too low and for 400 V the the phase velocities for m = 3 and 4 are too low. The
higher spoke orders are either dominant or the same magnitude as m = 4,5 for the higher magnetic field
settings. The weighting method of Eq. 13 accounts for the higher spoke order dominance at higher B, /B
values and causes the upward shift above ~ 1, which tracks very well with the spoke velocities calculated via
the manual and correlation method and builds confidence in the dispersion method. The minimum spoke
order m = 5 was chosen in Egs. (12) and (13) such that Eq. (8) is satisfied for all conditions. Fig. 7
shows the velocity from the correlation method typically follows the phase velocity for m = 5 or 6 closely
for B,/B}|trans < Br/B < 1.0 and for B,/B} 2 1.0 the correlation velocity follows m > 6. Therefore
using the phase velocities for 5 < m < 9 to calculate a representative spoke velocity is reasonable. Using
4 < m < 12 yields the same shape, but shifted lower by 100-200 m/s. Fig. 7 shows for 300 V both o =
1 and 2 yield spoke velocities from the dispersion method that match the manual and correlation methods,
but a = 2 is better correlated for 400 V.

The standard error o., and o., for fit coeflicients c¢; and cp in a linear, least-squared fit are easily
calculated according to Ref. 20. Using the error propagation equation,?! the uncertainty in phase velocity
from Eq. (9) for wave number kg is

Vphl e N2 [ ven ) 2* oo\ Wen/ ko 2a] /2

oo | () ()" () ()| @
« C1 Vph Co Vph

The total uncertainty in spoke velocity is calculated using the weighted average technique of Eqgs. (12) and
(13). For the same example used in Fig. 3 of B,/B* = 1.00, 300 V and 19.5 mg/s, the spoke velocity is
1510 £ 140 m/s for @ = 1 and 1570 + 60 m/s for o = 2. This is within 4% of the spoke velocity calculated
with the manual method. Representative uncertainties for the dispersion relation method are the mean

uncertainties in Fig. 9 of 120 and 47 m/s for « = 1 and 2 at 300 V, and 157 and 41 m/s for & = 1 and 2 at
400 V.

D. Probe Dispersion Relation

This section compares dispersion plots calculated from azimuthally spaced probes with dispersion plots
described in the previous section. Azimuthally spaced probes can be used to determine the azimuthal wave
number at a given frequency based on the phase delay between probe signals calculated from frequency
domain transfer functions. The purpose of this calculation is to build confidence in the dispersion method by
demonstrating a similarity in dispersion plots from two completely separate diagnostics measuring different
locations: HIA observes the discharge channel and ISR probes observe the plume.

Lobbia initially showed that light intensity oscillations in the discharge channel were linearly related to
electron density oscillations from 3 to 11 discharge channel radii downstream in a BHT-600.'® McDonald
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Figure 7: Comparison of phase velocities and spoke velocities for (a,c) 300 V and (b,d) 400 V, 19.5 mg/s for
a =1 (a,b) and 2 (c,d). Colored lines represent the phase velocity for each spoke order m calculated with
Eq. 9. Red lines with squares are spoke velocities calculated with the dispersion method and Eq. 12. Solid
black lines with circles are spoke velocities calculated using the correlation method. Dashed black lines with
triangles are spoke velocities calculated using the manual method.

conducted research on a segmented anode H6 where frequency oscillations in discharge current to the seg-
mented anode correlated to oscillations observed with high-speed imaging.'* Recent research on the H6
demonstrated that downstream probes observe the same frequencies in plasma oscillations as the FastCam
observes with light intensity oscillations in the channel.”!'? Therefore, plasma oscillations in the channel
are related to oscillations observed downstream. In order to justify using a dispersion relation for the HIA
results, a dispersion plot for downstream probes should be related to HIA dispersion plots.

Lobbia developed a frequency domain transfer function technique in order to calculate aggregate maps of
electron density oscillations.?? The same technique is used to calculate a frequency domain transfer function
between the ISR probes that yields gain and phase lag as a function of frequency. Note that we have
employed set averaging as discussed by Lobbia,?? which increases the signal-to-noise ratio and helps smooth
out turbulent uncertainties. Unfortunately, this reduces the number of points for the Fourier transform by
the number of sets averaged, which ultimately decreases the frequency resolution. For this analysis, the
number of sets averaged is 75. The local azimuthal wave number at the probes is calculated from the phase
lag, ¢,r, using the probe gap Ly, by kg = ¢/ Lpr.2* Fig. 8 plots frequency versus azimuthal wave number
for three conditions at 300 V (same conditions shown in Fig. 6) and one condition at 400 V for a 19.5
mg/s anode flow rate. Remarkably, the dispersion plots from probes 1.5 Rcpy, downstream show striking
similarities to the dispersion plots calculated from HIA analysis described in Section IIIC; the correlation
appears strongest for B,./B} = 1.25 and 1.00. Note there appears to be an offset where the probe dispersion
plots are a slightly higher frequency by ~ 2 x 10% rad/s or ~ 3 kHz. This indicates that the same oscillations
observed in the discharge channel with high-speed imaging are also detected in the plume as shown by PSD
analysis in Ref. 19. This qualitatively builds confidence in the use of a dispersion relation to represent
plasma oscillations from HIA.

E. Probe Delay Method

A final method to calculate spoke velocity is to calculate the time delay with linear cross-correlation of
a signal passing from one azimuthally spaced probe to another. The downstream probes are azimuthally
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Figure 8: Probe dispersion plots for B,./B¥ = 1.25, 1.00 and 0.73 at 300 V, 19.5 mg/s and B,/B} = 1.00
for 400 V, 19.5 mg/s. The points are the dispersion plots from the phase lag between probes positioned 1.5
Repni downstream as a function of frequency and the red lines are the dispersion plots from HIA described
in Section IIIC and shown in Fig. 6.

separated on channel centerline and observe the same plasma oscillations with a time delay. This time offset
is converted to linear velocity based on the probe azimuthal spacing.

ISR probes are used to measure plasma oscillations in the plume that correlate to light intensity oscilla-
tions in the discharge channel. As discussed at length in Ref. 7, both ISR probes observed the same plasma
oscillations, but in local mode the signal was delayed whereas in global mode the oscillations occurred nearly
simultaneously at each probe. The time delay, t;, was determined from a linear cross-correlation technique
described in Section ITI.B and Eq. 2. As shown in Figure 20c of that reference the time delay in local mode
was between 10 and 15 us.

The spoke velocity can be calculated from the linear, azimuthal distance between each probe, L,,. =
(27 Repni /360) A0, 2, divided by the time delay

Vap = Lpr/ta (15)

The uncertainty in Ly, is calculated from the probe spacing uncertainty of 1.7° and the uncertainty of ¢4 is
assumed to be 10% of the value.'®> These uncertainties are used to calculate the maximum and minimum
values for spoke velocity at a given setting v,,| %7 = (Lp, £ orpr) / (ta F 01q). For the sample data point
used in the previous methods of B, /B = 1.00, 300 V and 19.5 mg/s the spoke velocity is 2090 =+ 380 m/s,
which is 38% higher than the spoke velocity calculated via the manual method. Representative uncertainties
for the probe delay method are the mean uncertainties in Fig. 9 of 390 m/s and 420 m/s for 300 V and

400 V, respectively.

F. Spoke Velocity Comparison

Fig. 9 shows the spoke velocity calculated via all four methods discussed above with error bars for 300 V and
400 V at 19.5 mg/s flow rate. The manual, correlation and dispersion methods are all very well correlated.
The spoke velocity from probe delay is consistently higher by ~ 30% for both conditions with the 400 V
condition showing an unusual rise for B,/B; > 0.9. The reason for this divergence is unknown. The spoke
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velocity is initially inversely dependent on B,./B} until B, /B ~ 1 then levels out for higher magnetic field
strength. The inverse dependence of v, on B,/B; is stronger for the 300 V condition than 400 V. Fig. 10
shows the characteristic velocities and m,,;, for the dispersion method for 300 V, 400 V and « = 1 and 2.
The characteristic velocities are higher for the aw = 1 and for aw = 2 they show the same inverse dependence
on B, /B until ~ 1, after which they become level at the same value. The minimum spoke order appears
to be linearly dependent on B,./B; with a = 2 higher.

Fig. 11 shows a comparison of spoke velocities calculated from the correlation method for all five condi-
tions tested. The 300 V, 19.5 mg/s condition is the average of four sweeps and the 400 V, 19.5 mg/s condition
is the average of two sweeps. All conditions show the same trend of spoke velocity inversely dependent on
B,/B; until B,/B; ~ 1. Power dependencies of vy, « (B,/B;)™%% and vy, «x (B,/B;)~%?5 are shown
in Fig. 11 for reference purposes only and were not generated from curve fits. The 300 V, 19.5 mg/s and
14.7 mg/s conditions show the strongest inverse dependence closer to the -0.5 reference, all others are closer
to the -0.25 reference. For B,/B; 2 1, the 300 V, 14.7 mg/s condition still decreases, but not as steeply and
300 V, 19.5 mg/s actually increases velocity before stabilizing. All other conditions are essentially constant
for the higher magnetic field settings. With the exception of 300 V, 14.7 mg/s, all conditions asymptote
between 1600 and 1700 m/s for the maximum magnetic field settings. The trend of decreasing spoke velocity
with increasing B,./B; for B,./B; < 1is clear, but the velocity change is small, typically less than 25%. The
variation in spoke velocity during a magnetic field sweep is on the order of the uncertainty, reinforcing that
the dependence on magnetic field magnitude is not strong.
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Figure 9: Comparison of spoke velocity calcu- Figure 10: Comparison of the (a) characteris-

lation methods: manual, correlation, disper- tic velocity v, and (b) minimum spoke order

sion relation with = 1,2 and probe delay from Eq. (8) for 300 V and 400 V, 19.5 mg/s.

method for (a) 300 V and (b) 400 V. Not all Power dependence o = 1 and 2 are considered.

error bars are shown for clarity. For the dis-
persion relations, m > 5 has been used in Egs.
(12) and (13).

Combining the above discussion, we can state the following observations regarding spoke velocities; any
theory on spoke mechanisms and propagation should account for these results.

1. Predict a spoke velocity that is 1500-2200 m/s in the H6; spoke velocity dependence on thruster size is
unknown although likely weak as noted by McDonald.® Spoke velocities are not dependent on discharge
voltage or mass flow rate to within experimental error. Propagation is in the E x B direction.
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2. The dispersion relation can be approximated by a power law dependence w® ~ v k§ — ws, where
o > 1. The spoke velocity v, is less than the characteristic velocity v., and is dependent on the
dominant spoke orders, typically m > 4. In general, the dominant spoke order increase with increasing
magnetic field strength.

Spoke velocity should be weakly, inversely dependent on magnetic field for B,./B}|irans < Br/Bf < 1.
An example dependence of v, B8 where 0.25 < < 0.5 is shown in Fig. 11, but other functional
forms are possible. For B,./B} 2> 1 the spoke velocity should nearly asymptote to a constant value.
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Figure 11: Spoke velocity calculated with the correlation method for all conditions tested. Parenthetical
numbers are the number of B-field sweeps averaged together. Reference lines for possible functional forms
of vy, dependence on B,/B} are shown for discussion purposes only.

G. Spoke Velocity Observation Limits

Each spoke order represents the number of light and dark regions in the thruster so the wavelength is
A = 2w Repni/m. If the spoke travels 1/2 wavelength during the period of time the shutter is open, then the
bright region will travel over the dark region rendering the spoke unobservable by the camera. Assuming
the open period of the shutter is 7 = 1/f. where f. is the camera frame rate, then the observable spoke
velocity is

RC mn (&
< TBer LS

m

Form = 3,5, 7 and 9, Eq. 16 yields maximum observable spoke velocities of 7300, 4400, 3100 and 2400 m/s,

respectively. This is within all of the spoke velocities for each spoke order as shown in Fig. 7; however, the
highest spoke orders are close to the limit.

(16)

Vsp

IV. Mechanisms for Azimuthal Spokes

In this section we begin a discussion and investigation into the fundamental mechanisms of spoke for-
mation and propagation. The mode transition investigation showed the presence of spokes is associated
with improved thruster performance without determining causality,” which motivates us to investigate the
underlying fundamental physics. The previous section quantitatively identified some important characteris-
tics of spoke propagation and developed a set of observations that any theory for spoke propagation must
explain. Section IV.A broadly discusses and categorizes possible mechanisms for spoke formation as plasma
waves that can be governed by a dispersion relation, a localized breathing mode oscillation, and wall effects.
We first investigate plasma waves as a possible spoke formation mechanism. In Section IV.B and IV.C
we identify time-averaged plasma measurements inside the H6 discharge channel at B,./B; = 0.86 from a
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previous investigation®® and the important characteristic frequencies. Section IV.D calculates and compares
dispersion relations for homogeneous plasma waves and Section IV.E looks at drift waves and provides a
detailed list of future dispersion relations to investigate. Section IV.F shows an interim summary of the
dispersion relations considered thus far for plasma waves as the spoke formation mechanism.

A. Spoke Mechanisms and Locations

A coherent theory with supporting experimental evidence for spoke propagation has yet to emerge, 2% and the
location in the plasma of their formation and mechanism for propagation are unknown. However, there have
been no shortage of research published on azimuthal oscillations since the early work of Morozov, Tilinin and
Espipchuk in the former Soviet Union and Janes and Lowder in the United States. Escobar recently provided
an excellent overview of experimental, theoretical and numerical research on azimuthal oscillations,?” and
one should reference that work for a comprehensive discussion on spoke literature.

As mentioned previously, the location within the discharge channel where spokes originate is unknown.
Previous experiments have detected azimuthal oscillations throughout the plasma from the anode out into the
plume. The original work by Janes and Lowder' detected azimuthal oscillations with probes in the discharge
channel where they even noted a spoke angle with respect to the walls. However, significant differences exist
between their experimental apparatus in 1966 and the modern H6 including a longer discharge channel length,
~ 1/2 discharge voltage than nominal H6 values, chamber pressure two orders of magnitude higher, use of
filament cathodes, radially inward magnetic field with over 2 x larger peak value, and quartz walls instead of
Boron Nitride. More recent use of probes downstream of the discharge channel exit plane by Chesta?® and
Sekerak” 2% observed spokes propagating in the plume at least one channel diameter downstream. Work by
McDonald'# with a segmented anode showed PSD frequency peaks for the discharge current from individual
anode segments matched spokes frequencies from HIA PSDs. In a time history trace (Figure 9 from Ref.
14) local discharge current peaks are observed propagating from segment to segment at a velocity between
1700 and 2500 m/s. Therefore, the presence of azimuthal oscillations are detectable from the anode out into
the plasma plume of HETSs with theories and experiments disagreeing on where they originate.

In searching for the origin for spokes, we will consider the plasma in three different regions similar to
that used in simulations:3® near-anode region, the ionization/acceleration region near the channel exit, and
near-field plasma plume. HETs have steep gradients in all relevant plasma parameters: density, electron
temperature, electric field and magnetic field. However, the largest gradients occur near the channel exit
where the magnetic field peaks and the bulk ionization and accelerations occurs. The origin and mechanism
for spokes are unknown, but we will begin our discussion by broadly considering these different mechanisms:

1. Plasma Waves The values for the magnetic field, plasma density, neutral density, plasma potential
and electron temperature vary in space throughout the discharge channel as will be shown later in
Figs. 12 and 16 . However, if they are constant in time, slowly varying on time-scales longer than
spoke propagation time-scales or have a small oscillation amplitude, then any number of plasma waves
can propagate that can be described by a dispersion relation. Section V.C discusses the implications
of this in more detail where the presence of spokes could be an indicator of breathing-mode damping.
We can subdivide the plasma wave mechanisms into three categories:

(a) (Nearly) Homogeneous Plasma Waves. The gradients in the near-anode region or near-field
plasma plume may be sufficiently small such that elementary, homogenous plasma waves may
exist. Discussed in Section IV.D.

(b) Drift Waves Driven by Gradients in the Plasma. The ionization and acceleration region
near the discharge channel exit has steep gradients in all plasma parameters and provides fertile
ground for drift waves without considering ionization effects or neutral densities. A preliminary
investigation for this is conducted in Section IV.E and a more comprehensive analysis of the
plethora of drift dispersion relations (identified in Section IV.E.3) is reserved for future work.

(¢) Azimuthal Ionization Instability. The spokes are bright regions moving azimuthally in the
discharge channel as seen in high-speed imaging analysis, which would indicate spokes are regions
of increased collisionality leading to more excited states that decay to release photons. From
downstream ISR probes in the plume the spokes are observed as increased regions of plasma

density. Together this may indicate that spokes are related to ionization processes. Chesta’s3! and
Escobar’s?” linear analyses showed oscillations due to ionization and Ref. 19 suggests that spokes
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represent increased ion production zones. These waves are dependent on ionization frequencies and
neutral density, which are captured in some of the dispersion relations identified in Section IV.E.3.
Discussion of these mechanisms are reserved for future work.

2. Localized Breathing Mode Breathing mode oscillations are not small amplitude perturbations on
a relatively steady value unlike the plasma waves in Item 1 that are derived from linearization. As
discussed in Section V.C, simulations show that densities can vary by factors of order unity up to
an order of magnitude. Detailed, time-resolved, internal plasma measurements of an HET discharge
channel do not exist to verify the simulations. We can postulate that the same fundamental mechanism
may exist between the spokes and breathing mode, where the breathing mode (global mode in Ref. 7)
exhibits a uniform channel discharge and replenishment process while the spoke mode (local mode
in Ref. 7) exhibits an azimuthally local discharge and replenishment process. As shown by several
numerical simulations®? 34 and in Fig. 14, the breathing mode is a slow progression of the neutral front
down the channel leading up to a rapid ionization event that Barral®® calls avalanche ionization. During
the neutral replenishment period within the discharge channel, slight perturbations or azimuthal non-
uniformities in electron density, electron temperature and/or neutral density (all related to ionization
rate), cause a local region in the discharge channel to reach the avalanche ionization point before
adjacent regions, thus causing a localized increase in plasma density. The localized electron density
enhancement travels azimuthally in the E x B direction initiating avalanche ionization in an adjacent
region thus propagating the perturbation in a cascade like event. Extensive numerical and experimental
characterization of the neutral flow and plasma within the discharge channel was performed on the
H6%% where a primary ionization region of ~25% of the discharge channel length and neutral flow
velocity of 250 m/s can be reasonably inferred. These assumptions yield a neutral refill time of the
ionization region of ~40 us, corresponding to a 25-kHz oscillation, which is in line with the oscillation
frequencies observed. Breathing mode is typically lower frequency than spokes, so in breathing mode
the neutral front could be receding deeper into the channel since neutral velocity is constant. Detailed
investigation of this mechanism is reserved for future work.

3. Wall Effects. Previous research suggests that plasma contact with the wall'®36 or potentially wall

heating” could be related to spoke propagation and mode transition. Discussed briefly and only qual-
itatively in Section V.D.

B. HG6 Internal Data

Internal measurements were made by Reid?® on the H6 at 300 V with 20 mg/s anode flow rate after less
than 300 hours of total thruster operation. The magnet settings used were I;y; = 3.00A and Ipy = 2.68 A,
which corresponds to B,/Bj = 0.86. Table 1 shows the source of internal data used for calculations in
the following sections. These figures have been reproduced in Fig. 16(a)-(e) of the Appendix for reference.
Fig. 12 shows the centerline plasma properties normalized by the maximum values. The electric field and
electron temperature are nearly constant until z/L.pn; ~ 0.8, while the plasma density begins a significant

increase at z/Lepn ~ 0.5 and the region of peaked electron temperature is z/Lepn; = 0.8 — 1.0. The region
of peaked electric field is z/Lcpn; = 1.0 — 1.2, which constitutes the approximate acceleration zone.
Variable Source Notes
n; Reid?® Figure 7-10, 20 mg/s Blended solution from OML and thin sheath Langmuir
probe measurements
T, Reid?® Figure 7-5, 20 mg/s Langmuir Probe, compare with Figure 15 from Hofer!3
Vi Reid?® Figure 7-18, 20 mg/s Emissive probe corrected with T, from Langmuir probe,
compare with Figure 15 from Hofer,'? referenced to cathode
E, Reid?® Figure 7-21, 20 mg/s Computed from derivative of plasma potential
Ty, Reid?® Figure 8-9, 20 mg/s Computed from 1-D heavy particle continuity analysis

Table 1: Reference and notes for plasma measurements of H6 discharge channel (internal). Data are shown
in Fig. 16(a)-(e) in the Appendix.
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C. Frequencies

The frequencies of interest for this investigation
are 5-15 kHz for breathing mode and 5-35 kHz for
spokes. For comparison, the cyclotron frequency
is weie = |g| B/my. and the plasma frequency is
Wpie = \/1q?/(€0mi ), where subscript 4 is for ions
and e is for electrons. Variables include ¢ for the
elementary charge, B for the magnitude of the mag-
netic field, m; . are the ion and electron mass, n
for the plasma density where quasi-neutrality has
been assumed such that n; ~ n. ~ n, and ¢ is
the permittivity of free space. The lower hybrid fre-
quency®” is wy, ~ \/Wewee for wy; > we;. Table 2
shows these characteristic frequencies at three dif-
ferent locations in the discharge channel z = 0.25,
1.00 and 1.5 L.y, based on the data in Fig. 16,
but can be summarized as: we; S w < wip < wp; <
Wee < Wpe-

Now consider the empirically identified, approx-
imate dispersion relation of Eq. 7 in Section III.C.
The characteristic velocity, v., is shown in Fig. 10
to be between 2200 and 2800 m/s for a = 1 and be-

T T T T T
——Plasmy Densily
Neutral Density

— Electric Field
Flectron Temperature

Normalized Centerline Values

af‘dma‘

Figure 12: Centerline plasma properties based on the
data in Fig. 16 from Reid.?® All values have been
normalized to the maximum value. A 0.025 L.y
moving average window is applied to E, and T,, and
0.050 L.y, window applied to n; for smoothing. The
multi-peaked structure of plasma density is likely ex-
perimental error and the values for neutral density are
calculated.

tween 1800 and 2200 for o = 2. In addition, Fig. 11

shows the spoke velocity or phase velocity is between 1500 and 2200 m/s for all tested operating conditions.
The characteristic frequency, w.p, is typically a few times larger than the peak ion cyclotron frequency, we;,
but is within the same order of magnitude. We can now attempt to identify any frequencies in the 10’s of
kHz range and characteristic velocities or phase velocities that are in the range of ~ 2000 m/s. The following
analysis and discussion assumes +1 ions, but multiply charged ions are known to exist in HETs. E x B probe
measurements in the plume of the H6 showed probe currents for Xe?* of 20% and Xe3*t of 10%, respectively,
normalized to the maximum Xe'" current.!'3

Oscillation Units  0.25Lcpn; 1.00Lcpn; 1.50Lcpng
Ton cyclotron kHz 0.25 1.7 1.3
Lower hybrid kHz 120 810 650
Ton plasma MHz 9.4 27 20
Electron cyclotron MHz 61 400 320
Electron plasma GHz 4.6 13 9.6

Table 2: Representative frequencies on channel centerline for Region I, IT and IIT at 0.25, 1.00 and 1.50
L cpni, respectively. Ion cyclotron and ion plasma frequencies are for Xel*.

D. Homogeneous Plasma Waves

Here we consider some simple drifts and homogeneous plasma waves that propagate perpendicular to mag-
netic fields such as E x B drift, electrostatic ion cyclotron waves and magnetosonic waves. Other waves
summarized by the Clemmow-Mullaly-Allis diagram?3® that can propagate perpendicular to magnetic fields
such as ordinary waves (O wave), extra ordinary waves (X waves) and upper-hybrid resonance are of higher
frequency than the 10’s kHz spoke oscillations.
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1. E x B Drift

There are many single particle drifts to consider and only a few will be considered here; future work will
investigate the VB and curvature drift. The E x B drift velocity and # and component are given by>"

— —
7EB_EXB
xB = 2

|B]

~ I.B,.—-E.B,
VBl = gy

The calculated E x B drift velocity distribution LA R 16
in the discharge channel is shown in Fig. 16(f) where 1
the maximum value is over 4 x 10% m/s at the peak N
electric field and of order 10° m/s within £0.2Lcppn;. [ ok
These velocities are two to three orders of magni-

tude higher than the typical spoke velocity of 1500 & :
to 2200 m/s. Fig. 13 shows the channel centerline sl
values for vg« p and v, where the electron thermal
velocity is the average of an assumed Maxwellian
distribution3” vy, = 1/8¢T./(7m.) with T, in eV.
The region from 0.16 < z/Lepn; < 0.94 is up-
stream from the ionization and acceleration zones ' L2
with a mean value of 1.9 x 10* m/s and standard

deviation of 8.4 x 10* m/s. Although the mean
value is an order of magnitude larger than the spoke
velocity, the large standard deviation (over 4 times
the mean) is indicative of the experimental error and
the E x B drift velocity could be of the same order as
the spoke velocity in this region. However, the elec-
tric field would have to be small, F, ~ 0.01 V/mm,
for vgxp ~ vsp and is considered unlikely. Assum-
ing the electrons follow a circular path on channel centerline, they would circle the thruster in 0.13 us (8
MHz) at the peak vpxp and 26 us (38 kHz) upstream from the ionization region.

The electron thermal velocity is shown in Figs. 16(g) and 13, which is the same order of magnitude
as the E x B drift velocity near the channel exit. The E x B drift velocity is greater than the thermal
velocity for 1.0 < z/Lepm < 1.1 which is within the acceleration region. Outside of 0.9 < z/Lepm < 1.4,
VExB/Vin, < 0.1 so the electron thermal velocity is an order of magnitude or larger than the F x B drift
velocity throughout most of the channel and plume.

—_

RxW
— ¥

VF. s Trlvl.h ©

Figure 13: Left axis: Comparison of F x B drift veloc-
ity to electron thermal velocity on channel centerline
from Figs. 16(f) and (g). A moving average window
of 0.025 L¢pn; has been applied to smooth the data.
Right axis: The ratio is shown to indicate the £ x B
drift velocity is faster than the thermal velocity in the
acceleration region (z/Lcpn ~ 1.08). The sonic point
IS VExB = Vih, -

2. Electrostatic Ion Cyclotron Waves

Similar to sound waves in air, ion acoustic waves follow a simple dispersion relation

w= kv (19)
where v is the ion acoustic speed with electrons of temperature T, in eV
el,
Vs = 20
=y (20)

As shown in Fig. 16(c) the electron temperature in most of the channel and the near field plume is ~ 5 eV,
except for near the exit plane 0.7 < L¢p,; < 1.1 where the electron temperature peaks at ~ 35 eV. The ion
acoustic speed for T, = 5 eV is 2000 m/s and for T, = 35 eV is 5000 m/s. Fig. 16(h) shows the acoustic
speed, which is close the characteristic speed of ~ 2000 m/s for most of the discharge channel. Unfortunately,
ion acoustic waves propagate parallel to the magnetic field while spokes propagate perpendicularly.

An electrostatic ion cyclotron wave® is similar to an ion acoustic oscillation except the Lorentz force
provides a restoring force3” which yields a modification to Eq. 19

w? = kv + w2 (21)
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Ton acoustic waves can propagate nearly perpendicular to B and have a phase velocity of

Vph = \/VZ + w? /K2 (22)

Except for the difference in sign inside the radical, note the similarity to Eq. 9 with o = 2, the ion acoustic
speed as the characteristic velocity and the ion cyclotron frequency as the characteristic frequency. Since
the spoke location is unknown, spokes could be related to electrostatic ion cyclotron waves in the channel
near the anode or in the near field plume region where T, ~ 5 eV. A map of the electrostatic ion cyclotron
frequencies is shown in Fig. 16(i) for kg corresponding to m = 5 where the frequencies are within the
expected range for spokes. Unfortunately, this mechanism only implies that waves are perpendicular to the
magnetic field (axial, CW azimuthal or CCW azimuthal) and does not force spokes to propagate in the
E x B direction (CCW azimuthal for the H6).

3. Magnetosonic Waves

Magnetosonic waves are low frequency, electromagnetic waves propagating across the magnetic field. They
are similar to acoustic waves, but the oscillations are produced by E x B drifts across E.3” The phase

velocity is
/2 2
Vs + VA
Vph =C\| —5 23
ph CQ+V?4 ( )

where v4 = B/\/pom;n is the Alfvén speed and pg is the permeability of free space. Fig. 16(j) shows the
magnetosonic phase velocity (which is very close to the Alfvén speed so it is not shown in Fig. 16), both of
which are an order of magnitude too large to be azimuthal spokes.

E. Gradient Drift Waves

Drift waves are common when spatial gradients exist in plasma properties because they provide free energy
from which an instability can grow and a wave can propagate. Figs. 16 (a)-(e) clearly shows the plasma in
the discharge channel and near-field plume are not uniform therefore spatial gradients exist, predominantly
near the channel exit. There are many forms of drift waves that have been studied from fusion research.
Here we start with the most common form of the drift wave that arises from a gradient in plasma density and
proceed with increasing complexity. Also important is the definition of gradient length scale for parameter o

_ (1do -1

1. Density Gradient Drift Waves

The most fundamental gradient driven wave is the density gradient which assumes no steady state electric
field and constant magnetic field, neither of which are fundamentally true in a HET discharge channel. The
dispersion relation for density gradient drift waves and the diamagnetic drift velocity are3®

w = kogVprift (25)

T, 1 dn, T,
oo Te Ldne 26
VPrift = B Az BLwn, (26)

Drift waves are caused by density perturbations from ion F x B drift where ions “slosh” back and forth in
the gradient (axial) direction, with the phase velocity in the Vn, x B direction.?® Therefore, no particles or
energy are moving in the 6 direction. In the H6, Vn, is in the 42z direction from the anode to L < 0.8L.py;
and is in the —z direction for L > L.py; from Fig. 16(a). Drift waves would be in the E x B for L < 0.8Lcpny
and in the —E x B for L > L.p,;. Spokes always propagate in the E x B direction, so we focus on the density
gradient upstream from the ionization zone for density gradient waves to be the source of spoke motion.
The measured temperature in the discharge channel varies from 5 to 35 eV as shown in Fig. 16(c).
Although the magnetic field magnitude and profile cannot be shown, it is of order 100’s of G similar to the
SPT-100. Therefore, the T./B term in Eq. 26 is of order 103, which is the same as the spoke velocity.
The density length scale term Ly,  must be of order unity for vp,;f+ to be in the spoke velocity range of
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1500-2200 m/s. The experimental data from Reid in Fig. 16(a) for ion density on channel centerline shows
an unexpected multi-peaked feature that is likely experimental error so the axial derivative of density is
smoothed with a 0.06L.p,,; moving average filter. The density gradient length scale is of order Ly, ~ 1072
causing the drift velocity to be approximately two orders of magnitude too large. Discounting the unusual
multi-peaked ion density yields a similar result where the density increases from 1 x 10'® to 4 x 10'8#/m?3/
in 0.2Lcxn; which corresponds to dn/dz = 3.6 x 102°#/m3/m and VDrift ~ 10° m/s. The drift velocity is
shown in Fig. 16(k) for the entire discharge channel and is larger than the spoke or characteristic velocities
we are seeking. It is interesting to note that this velocity is of the same order or lower than E x B drift
velocity.

2. Collisional Density Gradient Drift Waves

The next step is to include collisional drift waves, which in the limit of small propagation along the B-field
lines for a simple slab (cartesian coordinates) is®’

koVDrift
YT TR, 27
The phase velocity for Eq. 27 is shown in Fig. 16(1) for k¢ corresponding to m = 5, which yields results
lower than the expected spoke velocity by as little as 50% to as much as an order of magnitude. Noting
that k2vZ/w? > 1, Eq. 27 reduces to w ~ we;/(koLwyy,), which is not the same functional form as Eq. 7.
Therefore, the spokes are unlikely caused by density gradient drift waves or collisional drift waves in a
simplified slab geometry.

3. Future Investigation for Drift Waves

The body of literature on dispersion relations for various drift waves is voluminous and many other appro-
priate relations will be considered in the same manner as above. Future work will investigate the collisional
drift instability in cylindrical coordinates as developed by Ellis,** which was successfully used by Jorns*!
to identify drift waves related to cathode oscillations in magnetically shielded thrusters. Additionally, a
drift relation shown by Esipchuk*? that accounts for density and magnetic field gradients has been used
to reproduce azimuthal oscillations in the 10’s kHz in the near-field plume of an SPT-100.2¢ Kapulkin*?
developed a similar dispersion relation analysis for the near-anode region of an SPT-100, which is also very
applicable to the H6 conditions tested here. Frias recently developed two new dispersion relations; one ac-
counts for electron flow compressibility and the other includes temperature oscillations and gradients. 444
The linearized 2-D axial-azimuthal models by Chesta3' and Escobar?” that accounts for ionization and neu-
tral density should be investigated. Finally, a dispersion relation developed by Ducrocq® to investigation
high-frequency azimuthal oscillations has been used by Cavalier®” to numerically investigate azimuthal waves
and found modes that resemble ion acoustic waves. Applying all of these dispersion relations to the plasma
parameters described above and comparing to the empirical dispersion analysis of Section III could yield
valuable insight into the origin and nature of azimuthal spokes.

F. Interim Summary

An interim summary of the plasma drifts and waves discussed above is shown in Table 3. It must be
emphasized that the discussion is not complete until the more complicated dispersion relations identified in
Section IV.E.3 have been considered. However, it is helpful to identify which mechanisms have the potential
to be responsible for azimuthal spokes.

V. Discussion

A. Spoke Velocities

The manual method, correlation method and dispersion method all yield very similar results for the spoke
velocity building confidence in all three techniques. The manual and correlation methods do not require a
selection of which spoke orders to consider, so they are more objective at determining a single, representative
spoke velocity. The correlation method is preferred over the manual method due to ease of automation. In
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Location Upstream/Channel Ton/Acceleration Downstream/Plume
Quantity f v f v f v
Units Hz m/s Hz m/s Hz m/s
Azimuthal spokes 2x10*  2x10° 2x 104 2x10° 2x10*  2x10?
Critical ionization velocity 4 x 10° 4 x 10? 4 x 103
E x B drift 2 x 10* 4 x 108 3 x 10*
Electron thermal velocity 2 x 108 4 x 108 2 x 106
Electrostatic ion cyclotron 2x10*  2x10° 4 x 10* 5 x 103 1x 104 2 x 103
Magnetosonic waves 8x10* 1x10* 2 x 10° 2 x 10* 2 x 10° 2 x 10*
Density gradient drift waves | 8 x 105 1x10° | =3 x10° —4x10* | -8 x 10* —1 x 104
Collisional drift waves 2x107  4x10%7 | =6x 102 —2x10% | —=7x 10> —1x 10?

Table 3: Comparison of frequency and velocities for all drifts and waves considered in Section IV. The
results are roughly divided into three axial regions: upstream of the primary ionization zone, ionization
and acceleration region and the near-field plume downstream from the acceleration zone. Negative values
indicate waves propagating in the —F x B direction or clockwise. For dispersion relation calculations, the
kg used corresponds to m = 4.

the future, spoke velocities from the correlation method will be reported routinely as an additional metric
with high-speed imaging data.

The inverse relation of spoke velocity to magnetic field is an interesting trend that should help identify
the spoke mechanism even though the spoke velocity is only weakly dependent on magnetic field (v, x B -8
where 0.25 < 3 < 0.5). A previous study® showed similar results, but the spoke velocity for each spoke
order m was calculated from w,,/kg (which effectively gives the characteristic velocity) instead of the more
rigorous techniques used here. The results in Fig. 7(a) can be compared with Figure 5 from Ref. 6, which
shows the same trend of decreasing spoke velocity up to point. However, the same H6 thruster was used and
lower spoke orders were seen to dominate in that study for unexplained reasons. In contrast, the early work
of Lomas*® found that spoke velocity increased with magnetic field, which is contrary to what was observed
by McDonald® and in this investigation.

The E x B drift velocity also appears to have a simple 1/B dependence at first glance. However, noting
that E is related to B from E = g (1 + Qg) J where 7 is the plasma resistivity, j is the discharge current
density and 2. is the Hall parameter, means the dependence of vgxpg on B is actually more complicated.
Spokes propagate in the E x B direction, so they may be related to electron or possibly even ion E x B drift.
The Larmor radius for electrons is less than 0.05 L., using their thermal velocity so they are magnetized
as expected. The ion Larmor radius for +1 ions using the ion velocity calculated from plasma potential
and energy conservation is greater than 10 L.p,; for most of the discharge channel except for the ionization
region before they are accelerated by the large electric field. Note the Larmor radius for ions decreases
for higher charge states, which are known to exist. If the ionization region is sufficiently offset upstream
from the acceleration region, then a region of large ion density with relatively low ion velocity may exist
(< 5 x 10® m/s which is same order as spoke velocity). In this region, the ions may be able to undergo some
azimuthal motion before being accelerated downstream, although unlikely completing a full cyclotron orbit.
This motion could contribute to azimuthal spokes.

If the spokes are related to the E x B drift, then the results of Fig. 11 could provide insight into the
electric field variations with magnetic field. For B,./B} < 1, the electric field may be approximately constant
and the increase in magnetic field causes the spoke velocity to decrease. For B,./B) = 1, the ratio of E/B
may be approximately constant causing the spoke velocities to asymptote indicating the electric field is
increasing with magnetic field.

The observation that ion acoustic speed matches the characteristic speed from the dispersion method is
encouraging because v, commonly appears in waves such as the electrostatic ion cyclotron wave and arises
prominently in drift waves. In Escobar’s simplified model that includes ionization,?” the wave speed was
found to be of order the ion acoustic speed and Cavalier recently found modes that resemble ion acoustic
waves.*” For B,./B; = 0.86, the spoke velocity is 1540 m/s from Fig. 11 and the characteristic velocities are
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2190 and 1850 m/s for & = 1 and 2 from Fig. 10(a). Fig. 14 shows a comparison of those velocities with the
channel centerline ion acoustic velocity from Fig. 16(h) and the critical ionization velocity. Janes and Lowder
suggested that the spokes may be related to the critical ionization velocity' first proposed by Alfvén and
Ref. 6 contains a good discussion of the phenomenon and the implication to HETs. The critical ionization
velocity for xenon is 4200 m/s and shown in Fig. 14, which is the same order of magnitude as the spoke
velocity, but is still over twice the value. The ion acoustic speed matches the characteristic speed for a = 2
better than « = 1, particularly for z/Lcpn; < 0.7. The spoke velocity is lower than the ion acoustic speed
in the near-anode region, but is similar for the near field plume region. The similarity between ion acoustic
speed and spoke velocity or characteristic velocity is unlikely a coincidence and will be further investigated
with the more detailed dispersion relations discussed in Section IV.E.3.

B. High B-field Mode

The discussion in Section II identified two different s000 . .

modes for HET operation: global oscillation mode s {\ v
and local oscillation mode. However, the plasma t’ ol
oscillations in the discharge channel show different 5500 »: w2
characteristics for high magnetic fields that may be a0l v,
indicative of yet another different operational mode. E o
Previous simulations and experiments have observed — * s N~ ~
changes in oscillations at high magnetic fields. In | '\v-" i NNV VAW ACA
recent hybrid direct-kinetic simulations on an SPT- 1000
100, increasing the magnetic field oscillation above 500
a threshold induced oscillations that Hara called the o s s . s s

. . . 49 . . a 02 0.4 pel:) e | 1.2 1.4 ] 1.8 2
strong ionization mode.*” In the first classification =7

s
il

of modes, Tilinin® also noted larger oscillations in
discharge current at high magnetic field settings that
he called macroscopic instability or magnetic satu-
ration regimes. It should be noted the device used
in Tilinin’s study pre-dated the SPT-100 and may
have limited applicability.

Fig. 2 shows that as the magnetic field is increased, the spoke order increases, the spoke duration
decreases and low-amplitude oscillations occur throughout the channel. Additionally, Figures 12 and 13 of
Ref. 7 show the discharge current RMS increases at high magnetic field settings for all conditions except
300 V, 25.2 mg/s. Finally, Fig. 11 shows that spoke velocity becomes independent of magnetic field for
B,/B! = 1. The transition to this mode is not as sharp as the distinct transition between global and
local mode. A qualitative explanation can be offered if collisional drift waves are responsible for azimuthal
spokes. In discussing collisional drift waves, Bellan notes3” “plasmas with strong magnetic fields tend to
have turbulent, short perpendicular wavelength drift waves, whereas plasmas with weak magnetic fields have
coherent, long perpendicular wavelength drift waves.” However, the differences in magnetic field strength we
are considering are factors of 2 or less and not orders of magnitude different. Regardless, this could indicate
that the high magnetic field settings are a turbulence dominated oscillation mode.

Figure 14: Ion acoustic speed on channel center line
for B,./B; = 0.86 from Fig. 16(h) smoothed by a 0.038
2/ Lenn moving average filter. The critical ionization
velocity, spoke velocity and characteristic velocities for
a = 1,2 are shown for comparison.

C. Breathing Mode Damping

The investigation on HET mode transitions” showed that spokes were present and dominated plasma oscilla-
tions when the global oscillation ceased. We can postulate that the global oscillation mode is the well-studied
breathing mode and the transition to local oscillation mode represents a damping or cessation of the breath-
ing mode mechanism allowing the azimuthal spokes to propagate. This would mean that the transition from
global mode to local mode is an indication that the ionization front has been stabilized axially in the dis-
charge channel. The breathing mode has been numerically modeled by Fife, 32 Boeuf,?> Barral®* and Hara.?°
However, Choueri?® pointed out in 2001 that stability criteria has yet to be theoretically developed. Bar-
ral®! recently published the first known stability analysis for the breathing mode using linear and non-linear
techniques, but further validation is necessary to confirm the criteria.

All of the preceding analysis on spoke propagation and dispersion relations assumes the plasma properties
are constant in time within the discharge channel allowing spokes to propagate. In the H6, a typical spoke
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will require ~ 300 ps to travel around the entire discharge channel. The 1-D fluid simulation of an SPT-100
developed by Barral®* shows that during a ~ 100 us breathing mode cycle the plasma properties can change
significantly. Fig. 15 for the plasma properties on discharge channel centerline shows that neutral density can
change by a factor of 2-3, plasma density can change up to an order of magnitude, and electron temperature
can change by a factor of 2 (from Figure 5 of Ref. 34, not reproduced here). The simulation calculated a
slow progression of the neutral front down the discharge channel building up to avalanche ionization. Fig. 15
shows that once avalanche ionization occurs at ~ 50 ps and again at ~ 150 us, the plasma density peaks
and the neutral front recedes with a velocity in the range of 0.5 — 5 x 10% m/s. Spokes may not be able to
propagate since the breathing mode period is of the same order or smaller than the time required for spoke
propagation and the recession rate can be greater than the spoke velocity of ~ 1700 m/s.

A related paper at this conference by Hara?® uses a hybrid
direct-kinetic simulation to vary magnetic field and induce a N [10%m=3 [T T
mode transition in an SPT-100 type thruster. There it is found ] o
that the breathing mode is damped in a region of optimal per-
formance similar to the experimental results of Ref. 7. A future
publication will investigate the breathing mode frequency vari-
ation and transition criteria using a fluid model. The results
from Ref. 7 will be combined with the 1-D transient fluid code
in Ref. 34 to experimentally and computationally investigate
breathing mode stability and assess whether HET mode tran- 0 50 100 150 200
sitions are indeed breathing mode damping. ¢ [ps]

D. Wall Considerations

A HET does not naturally have a radial restoring force like
a magnetron so the electrons likely interact with the wall in
some way (magnetic mirror or radial electric field) to propa-
gate their motion to make HETs closed-drift devices. Recent
research shows that plasma contact with the wall or potential _
wall heating could be related to spoke propagation and mode 0 . L . 1 s !
transition. The transition between modes was noted to be af- 0 50 100 150 200
fected by time at the given operating condition, which could t [us]

be related to wall heating and thermal equilibrium,” although Figure 15:  Neutral density (top) and
wall temperatures were not measured in that investigation. Ad- plasma density (bottom) from 1-D fluid
ditionally, while investigating magnetically shielded thrusters simulation of an SPT-100 on channel cen-
that have reduced plasma-wall interactions, Jorns*' did not terline. z direction is axial distance on
observe spokes. The magnetically shielded H6 showed similar ~channel centerline with the anode at = 0.
performance to the unshielded H6'3 suggesting the spokes are Reproduced from Figure 3(b) and 4(b) of
only prominent in non-magnetically shielded thrusters. Ad- Ref. 34.

ditionally, thrusters with partial ceramic walls (boron nitride

near the channel exit/ionization zone and conducting walls near the anode) may show different spoke be-
haviors if wall effects are important. Evidence of these different behaviors will be investigated in future
work.

While investigating different wall materials in the SPT-100, Gascon'? observed mode transitions similar
to those observed in Ref. 7. Gascon did not have the ability to observe spokes in that investigation
so we cannot confirm that spokes were present in the low discharge current mode. The accompanying
theory provided by Barral®® suggested Space Charge Saturation, when the wall secondary electron emission
coefficient approaches unity, was responsible for the mode transition. If this is correct, it implies a wall
related phenomenon for mode transition and hence the onset or disappearance of spokes.

Even though we do not have a proven theory for spoke formation and propagation, we can speculate
that the electron E x B drift motion inherent in HET discharge channels is related to spokes since spokes
always propagate in the F x B direction. As was discussed by King®? based on single particle motion, a
radial electric field at the outer wall is required to keep the electrons on a circular path in the discharge
channel due to the cylindrical geometry. Katz® pointed out that the sinusoidal motion suggested by King

]

.
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is likely not accurate because the electrons would spend more time at the extrema (inner and outer walls)
causing the electron density to peak off-channel centerline which is not seen in Fig. 16(a). We can calculate
the electric field required to keep the electrons in a circular path following the discharge channel walls from
simple centripetal acceleration. Considering the E x B drift velocity and the electron thermal velocity, the
range of azimuthal electron velocities vy to consider is 1 x 10* to 5 x 10 m/s. Using the electron equation
of motion, the radial electric field E, = (m./q)(vi/Router) required for the electron to maintain circular
motion at the outer wall is 6 4V/mm to 1.5 V/mm. This is a small electric field that could be established
by sheaths at the walls or internal to the plasma in order to maintain quasineutrality and the electrons are
likely in nearly circular motion around the discharge channel. Regardless, a radial electric field at the walls
is required to reflect electrons back into the channel per King or is required to keep electrons in a circular
motion around the discharge channel. If this field cannot be established or becomes perturbed, then the
electron motion around the discharge channel could be disrupted, which could disrupt spoke propagation
assuming they are related.

VI. Conclusions

The spoke velocity is determined using three methods with similar results: manual fitting of diagonal lines
on the spoke surface, linear cross-correlation between azimuthal locations and an approximated dispersion
relation. The spoke velocity for three discharge voltages (300, 400 and 450 V) and three anode mass flow rates
(14.7, 19.5 and 25.2 mg/s) yields spoke velocities between 1500 and 2200 m/s across a range of normalized
magnetic field settings. The spoke velocity is inversely dependent on magnetic field strength for B,/B} <1
and asymptotes to 1600-1700 m/s for B,/B;: 2 1 for all conditions except 300 V, 14.7 mg/s. The dispersion
plots for probes 1.5 R, downstream displays similarities to the dispersion plots calculated from HIA
reinforcing previous results that oscillations observed with imaging of the discharge channel are correlated
to oscillations in the plasma plume. Spoke velocity from the probe delay method is ~ 30% higher for 300 V,
19.5 mg/s and for 400 V, 19.5 mg/s shows an unexplained increase for B,./B} > 0.9.

The mechanism for spoke formation is unknown although we consider plasma waves (homogeneous
plasma, gradient driven drifts, or ionization related instabilities), a localized breathing mode, or wall-effects.
It is unknown whether spokes originate in the near-anode, ionization/acceleration region or the near-field
plume so the plasma properties from previous internal measurements at B, /B = 0.86 are used to inves-
tigate various dispersion relations. The 10’s of kHz oscillations associated with spokes are compared to
standard plasma oscillations showing we; S w < wip < wp; < wWee < wpe. The velocities and frequencies
are compared to standard plasma waves such as F x B drift, electrostatic ion cyclotron, magnetosonic and
various drift waves. The E x B drift is two to three orders of magnitude larger than the spoke velocity and
is of the same magnitude as the electron thermal velocity in agreement with previous results. Electrostatic
ion cyclotron waves are of the same frequency as spokes. The empirically approximated dispersion relation
of w* = v k§ —w, where a > 1 yields a characteristic velocity that matches the ion acoustic speed for
~ 5 eV electrons that exist in the near-anode and near-field plume regions of the discharge channel. Simple,
cartesian coordinate density gradient drift waves have a diamagnetic drift velocity that is ~2 orders of mag-
nitude higher and simple slab collisional drift waves phase velocities are too low. While a good start, these
simple dispersion relations do not cover the extensive body of literature on drift waves, particularly those
that have been derived for HETs recently, and a more extensive comparison effort is underway that will be
presented in future publications.
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Figure 16: Internal measurements of the H6 discharge channel from Reid? as discussed in Table 1 for (a)
ion density, (b) neutral density, (c) electron temperature (d) plasma potential, and (e) axial electric field.
Calculated velocities include (f) E x B drift velocity, (g) electron thermal velocity, (h) ion acoustic velocity
and (j) magnetosonic velocity, (k) density gradient drift velocity and (1) and collisional drift velocity. (i) is
electrostatic ion cyclotron frequency.
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