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mode to form. The rotating instability is consistent with an anti-drift wave
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m = 0 remains unclear, however by evaluating a proposed onset criterion
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monly observed in plume mode by evaluating the same onset criterion. As
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are likely different instabilities with separate growth and onset criteria.
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Nomenclature
= Cathode orifice area
= Jon sound speed
= Electric field
= Jon saturation current
= Discharge current
= Wave vector
= FElectron mass
= Jon mass
= Mass flow rate
= Plasma density
= Wave momentum
= Unit charge
= Electron temperature
= Jon temperature
= Electron drift velocity
= Jon drift velocity
= Electron thermal velocity
= Floating potential
= Plasma potential
= Total collision frequency
= Anomalous collision frequency
= lonization frequency
= Turbulence growth rate
= Response rate of ionization to temperature
= Real frequency of oscillation

= Imaginary frequency of oscillation
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I. Introduction

The hollow cathode plume is known to be subject to plasma instabilities that can drive steady
and large-scale transient behavior in their discharges. Ion acoustic turbulence (IAT) is known to
play a prominent role in establishing the steady-state electron resistivity.! 7 As indicated by recent
experimental measurements and simulations, it is thought to be the dominant contributor to the onset
of the ionization instability observed in plume mode cathode operation.® ! The onset of plume mode
is often identified with global parameters, such as keeper voltage oscillations and increased erosion
but is also well known to be characterized by large plasma potential, density and light fluctuation
that are quasi-coherent.!? 16 While these waves can be readily measured in unmagnetized plumes of
hollow cathodes, the introduction of an axial magnetic field, like those found in Hall thrusters where
the cathode is centrally mounted, can complicate the presentation of these instabilities. Although
ion acoustic waves have been measured in the cathode plume of a Hall thruster,!”!® the ionization
instability has never been identified; however this may be because the plume mode is typically avoided
when operating a Hall thruster for performance and system life-time considerations.'® In fact, it is
unclear whether the presence of a magnetic field in the cathode plume could allow for the conditions
necessary for the plume mode to onset.

For more detailed research on hollow cathode physics, these devices are often tested in standalone
configurations. 202! These experiments will commonly employ an applied axial magnetic field to better
simulate the conditions found in Hall thrusters. Visually, with increasing magnetic field strength the
shape of the cathode plume can change drastically, from a small spot at the keeper exit, to an
extended plasma column. Along with the magnetic field comes rotating modes, that have also been
observed in Hall thrusters with high-speed camera measurements.?? These so-called cathode spokes
are thought to be the result of an anti-drift wave that could lead to the erosion of Hall thruster pole
cover surfaces and may be involved in electron transport across magnetic field lines in this region of
the thruster.

The presence of these rotating modes, and the possibility that they may influence transport in the
cathode region of Hall thrusters, presents a challenge for simulating these cathodes computationally.
Typically, these numerical models will use a r-z domain and include quasi-3D effects, however they
cannot resolve azimuthal inhomogeneities. %Y Recent numerical simulations that include the effects
of the non-classical resistivity from turbulence show that, in the presence of a magnetic field, the large-
plasma potential oscillations commonly associated with the plume mode are able to propagate and
exist in the plume of the cathode. Although qualitative and quantitative agreement has been found
between this model and experimental measurements, they do not capture these rotating instabilities
which are known to dominate the cathode plume in the presence of an axial magnetic field. Qualitative
indications from experiments seem to suggest that the magnetic field might suppress the onset of the
axial plume mode instability in favor of the azimuthal instability;?? however, there are no detailed
experimental measurements that show they do not coexist.

Given the deleterious effects of these instabilities to performance and the inconclusive nature
of recent numerical simulations on the matter, there is an apparent need for precise experimental
measurements of cathode instabilities under the influence of a magnetic field examining the presence
of axial and azimuthal modes. To this end, we have organized this article in the following manner.
First, we present an overview of the various instabilities that are known to exist in hollow cathode
plumes. Next we describe our experimental configuration, along with diagnostics we have employed
to measure plasma waves. To follow, is a presentation of the experimental results from two conditions,
one in spot mode and another plume mode with varying magnetic field strength. We then discuss
these results by comparing and contrasting the structures formed in spot mode and in plume mode.
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I1. Theory

A. lonization Mode Theory
From Ref. 23, we have previously shown that the ionization instability associated with the plume
mode has an onset criterion

2
Wi = Yion < JIAT 1) ) (1>

won

where 747 is the growth rate of the ion acoustic turbulence and 7ipn, = TeOVion /0T, is the response
of ionization to changes in temperature. Physically, this mode onsets when non-classical heating from
ion acoustic waves exceeds cooling by ionization. This physical picture and instability criterion has
been shown to hold when the oscillations in discharge current are relatively low compared to their
mean value and are thought to transition to a nonlinear regime when discharge current oscillations are
large. Experimentally, this wave can onset when the propellant flow rate to the cathode is reduced.
We can reformulate this instability criterion as

T4 AoL
Lipmn

2wonm; >1, (2)
where wy is average frequency of the turbulence, n is the plasma density, m; is the ion mass, A, is the
orifice area, L is a characteristic length scale, . is the discharge current, Iy, is the thermal current
of the plasma, and 7 is the propellant flow rate. The real frequency is given by

and is typically on the order of 10-100 kHz. This solution for the instability is found in the frame of
the ions and is Doppler shifted by the ion drift velocity and as such the wave propagates from the
cathode to the anode. We therefore also refer to this instability as a longitudinal ionization mode in
the cathode plume.

B. Anti-drift instability

The anti-drift instability is a rotating plasma wave that is excited by the energy held in a density
gradient, transverse to the magnetic field in the presence of electron collisions. The key plasma
properties of the cathode plume that enable the growth of this mode are 1) that Q; < v. < Q,
where () ; are the cyclotron frequencies of the electrons and ions, respectively; 2) the ions are cold,
ie. T, > T;; 3) the wave frequency is v; < w < v, where v,; are the electron and ion collision
frequencies; 4) the phase velocity of in the longitudinal direction is much greater than the sound
speed (w/k, > c¢5). Following the work in Ref. 24, the dispersion relation for these modes in a
Cartesian framework is given by

kyv* +i T, k 2
0— v ity +<> , (4)
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where k, is the azimuthal wave vector, v* = T, /Bon/,/n. is the diamagnetic drift, v, = k2qT./me/ve.
Here, we note that the expression in Eqn. 4 we have neglected magnetic gradient driven drifts (in
comparison with Ref. 25) and that k, = m/R, where m = 0, 1,2, ... is the azimuthal mode number and
R is the radius. This type of instability has been shown to exist in the partially magnetized hollow
cathode plumes of Hall thrusters and should be present during standalone testing of a magnetic
field. %2
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Fig. 1 Experimental setup showing the cathode, anode, wave probe, and B field simu-
lator.

II1I. Experimental Methods

Experimentally, we are examining the claim from Ref. 26 that the rotating instability that forms
in the presence of a magnetic field is the same as the ionization instability associated with the
plume mode. To shed some light on this topic, we have designed our experiment to operate the
cathode in spot mode, where the ionization wave does not dominate, and in plume mode, where the
ionization-type instability is present. Then we impose an axial magnetic field with a solenoid and
vary its strength. In practice, we used a LaBg hollow cathode that was operated on xenon at 35 A
of discharge current at 12 and 5.5 sccm. The respective discharge voltage of each condition was 12.6
and 31 V. When the magnetic field is applied, the discharge voltage of both conditions rises to 25.4 V
for the high flow and 40 V for the low flow conditions. The anode was positioned 45 mm downstream
of the keeper exit. The anode is wrapped with a solenoid to apply an approximately axial magnetic
field to the cathode plasma. The current to the solenoid was varied from 0 to 10 A. The maximum
magnetic field produced is on the order of half of the field generated in the cathode region by a
state of the art Hall thruster. The discharge was established in a 0.5 m x 1 m vacuum chamber
that is cryogenically pumped and achieves a base pressure of 0.12 pTorr. At our selected operating
conditions, the operating pressures is 50 and 27 pTorr. We made our measurements of plasma waves
using a wave probe, biased at -54 V to collect the ion saturation current fluctuation at 20 MHz with
an oscilloscope. The axis convention is shown in green on Fig. 1, where x, y, and z are the azimuthal,
radial, and axial directions, respectively. The probe was positioned at a fixed location, 7 mm radially
and 20 mm downstream of the keeper exit. The experimental configuration is shown in Fig. 1.

IV. Experimental Results
In this section, we present our experimental results for the high (spot mode) and low (plume
mode) flow rate conditions with variable magnetic field. First we examine the spot mode condition,
primarily focusing on the presence of quasi-coherent structures that form when a magnetic field is
applied. Then we discuss the plume mode condition, where the ionization instability is apparent.
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A. Spot Mode

In this section we will focus the behavior of plasma oscillations in spot mode with increasing
magnetic field. In Fig. 2a, we show the logarithm of the amplitude of each mode in the plasma as
a function of magnetic field strength. This figure shows that at low magnetic field, there are few
low-frequency oscillations at f = 25 and 54 kHz. With greater B, the entire spectrum rises and
some large amplitude, quasi-coherent, structures are induced. The formation of this low-frequency
oscillation is consistent with the previous observations of the cathode “spoke" structure that is believed
to be the result of the gradient driven anti-drift instability. Fig. 2a also indicates the presence of
high-frequency turbulence. When the magnetic field is off, we waves that are consistent with the
presence of IAT. These modes appear to be damped out with increasing magnetic field, then a new
set of waves reappears at around B = 0.5B,,4,- This trend is better shown by Fig. 2b where we have
estimated the energy in the high-frequency broadband oscillations as W ~ 3 7 (Zsat /isat,0)> where
100 kHz < f < 4000 kHz. Along with this trend we also find that the frequency of these modes
steadily decreases with magnetic field.
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(a) Spectral content with increasing mag-

netic field (b) Wave energy of high-frequency modes.

Fig. 2 'Wave properties of the cathode plasma in spot mode.

To more clearly identify any axial or rotating modes, we must determine the direction of propaga-
tion of these waves. Wave propagation can be assessed by measuring the dispersion and calculating
the phase velocity and examining its axial and azimuthal components. We determine the plasma dis-
persion using a pair of ion saturation probes, following the Beall estimation technique.?2%2% Given a
known separation between the probes, Ax, we calculate the phase difference and corresponding wave
vector for each frequency in the Fourier spectrum as

1 (s (F(isar2) F* (isar)) ) (5)
R (F(isat2) F* (isar1)) )

k(w) = ﬁ tan~
where F indicates a Fourier transform, R and & designate the real and imaginary parts, respectively,
and imt,l and Esat,g are the measured relative ion saturation current traces from probes 1 and 2,
respectively. We calculate k£ over 2000 times and populate a histogram to statistically represent the
dispersion, S(w, k). We note that experimentally this probe technique is subject to aliasing when the
wavelength of the wave is smaller than the distance between the probes (Az = 1.5 mm). This can
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Fig. 3 The dispersion of the plasma in spot mode measured 7 mm radially and 20 mm
axially downstream of the keeper exit.

result in spurious, negative wave vectors when the true wave vector is larger than k4, = 7/Ax ~
2100 [rad/m]. By examining trends in the data, we infer these smaller wavelengths.

Figure. 3 shows the dispersion of the plasma measured in the spot mode condition at low and
high magnetic field settings. Figures. 3a and 3b are the dispersion when B = 0 in the axial and
azimuthal direction, respectively. In the axial direction, we observe some waves (500 - 1000 kHz) that
follow a linear dispersion relation (w o k), consistent with IAT. The waves at higher frequency and
negative k (1000 - 3000 kHz) are the result of the previously discussed probe aliasing and continue on
the trend of the lower frequency waves. In the azimuthal direction (Fig. 3b), these higher-frequency
waves have some dispersion but are generally centered around k = 0 indicating that the waves do
not primarily propagate in this direction. Figures. 3¢ and 3d show the dispersion for the maximum
magnetic field condition. In this case, we see that the spectrum has moved to lower frequencies and
longer wavelengths as well as having increased in amplitude. Furthermore, we find that with the
applied magnetic field, the waves are dispersed in both the axial and azimuthal directions. This
result indicates that these waves propagate in both directions, evolving helically in the plasma.

7
The 36th International Electric Propulsion Conference, University of Vienna, Austria
September 15-20, 2019



6 A

NSRRI
4’_¢+‘ u\t} #< ¥
2 /', \‘{r' +\+

/ Uz
7

[km/s]

1
QS
G

11

orlr'l"l'

0 0.2 0.4 0.6 0.8 1
B/Bma.’l'

Fig. 4 Phase velocity and components of the high-frequency, broadband modes as a
function of magnetic field.

From these measurements of the dispersion, we can calculate an average wave vector k as

) S kS (w, k)dk

k(w) = JEes S Kk (6)

Using this value, we can determine the components of the phase velocity to be

_ w5 _ w7 — 2 2
vz_mkz , and vx—wkz, and Uph—\/m~ (7)

Here, we have assumed negligible propagation in the radial direction (y). For these higher frequency
modes (> 100 kHz), in Fig. 4 we plot the phase velocity and its components as a function of magnetic
field. At low magnetic fields, we see that the phase velocity is dominated by the axial propagation
of waves i.e. the  component of the velocity is small compared to z. In this case, vy, ~ 4 km/s,
which is consistent with previous measurement of IAT in hollow cathodes.?® At higher magnetic
fields, we find that the axial velocity decreases and the azimuthal increases while the total phase
velocity is approximately constant. This result suggests that by increasing the magnetic field, that
the high-frequency turbulence changes from a purely longitudinal phenomenon to a rotating one.

In combination, Figs. 2 - 3 indicate the following physical picture for a spot mode discharge.
When no magnetic field is present, IAT propagates longitudinally in the plume. As the magnetic
field is applied, electrons begin to rotate in the plasma and the IAT is damped out and is replaced
with broadband rotating modes at lower frequency and longer wavelength.

Now, up until this point we have focused our analysis on these high-frequency modes that are
associated with electrostatic turbulence. At lower frequencies in Fig. 2a, we observed low-frequency
structures. Zooming into our previous plots of the dispersion, we show in Fig. ba and 5b the axial
and azimuthal dispersion of these three modes. We find that at 20 kHz, we have an m = 1 mode that
rotates and an m = 0 (30 kHz and second harmonic) mode that propagates axially. Examining the
azimuthal mode more closely, we can plot its phase velocity as a function of magnetic field strength.
Figure 6 shows the results of this calculation at magnetic field conditions where this oscillation is
clearly present in the Fourier transform in Fig. 2a. The phase velocity is constant at around v, ~
1 km/s and v, ~ 0 km/s. This velocity is near the ion sound speed, s = v/(T./m;) ~ 1.2 km/s for
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T, ~ 2 €eV. This azimuthally propagating wave is in qualitative agreement with previous observations
in the cathode plume of Hall thrusters.2?

Now we turn to the m = 0 mode (30 kHz) and its harmonic (60 kHz) that are propagating
longitudinally. Physically, the presence of the second harmonic indicates that this wave exhibits
non-sinusoidal behavior. The modes appear to be able to propagate toward (k, < 0) and away from
(k, > 0) the cathode based on the dispersion in Fig. 5a. Examining the phase velocity of the first
harmonic, we find that it is primarily propagating in the axial direction at around 1 km/s towards
the anode and its velocity is insensitive to the magnetic field. Lastly, recall from Fig. 2a, that we
see that these modes are increasing in strength with magnetic field. Therefore, the magnetic field
does not affect the propagation characteristics but influences the strength of this longitudinal mode.
However, it remains unclear if the magnetic field plays an important role in the onset, or rather if
it changes the plasma properties such that another axial instability can form in this same frequency
range.
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Fig. 6 Phase velocity of low frequency structures.

To summarize our findings for this operating condition, there exist both azimuthal and longitudi-
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nal modes that are excited in the presence of the magnetic field. The rotating modes are qualitatively
similar to previous measurements of anti-drift modes in partially magnetized cathode plumes. The
excitation of these axial modes is not predicted by this theory and it is unclear whether the magnetic
field it self is playing an important role in the onset of this mode, or if it simply changes the plasma
properties such that an axial mode, like an ionization instability, can be excited.

B. Plume Mode

In this section, we replicate a similar analysis as in Sec. A examining the wave properties as a
function of magnetic field strength. Figure 7a shows that there two classes of waves in the plasma,
a coherent low-frequency oscillation at 82 kHz and high-frequency, broadband waves. This quasi-
coherent mode is an ionization instability that is thought to be driven by the presence of high-
frequency turbulence. Figures 7a and 7b indicate that the ionization oscillation appears to decrease in
amplitude with increasing magnetic field. This trend is further shown by plotting the peak amplitude
of this wave as a function of magnetic field in Fig. 7c. Physically, it appears that the ionization
instability damps as the magnetic field is increased. This result is in kind with previous experimental
work on this instability. 1®
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Fig. 7 Plume mode wave properties measured 7 mm radially and 20 mm downstream.

While Figs. 7a-7c show that the oscillation is damped by the presence of the magnetic field, it
remains to be seen if it rotates, like the structures shown in Figs. 2 - 6a. We conduct a similar analysis
to Sec. A, by first calculating the dispersion via the Beall estimation technique. The results of this
analysis are shown in Figs. 8a - 8d. At low magnetic field, we find that the low-frequency wave (82
kHz) moves in towards the anode (k > 0) and exhibits no rotation i.e. m ~ 0. The broadband modes
above 150 kHz are generally centered around k£ = 0 indicating that they do not propagate. In previous
measurements of this instability,!! the dispersion shows that these waves are IAT, however this new
measurement is in a more extreme (~ 100% peak-to-peak I,. oscillations) condition where perhaps
the correlation between modes is somehow broken due to the fluctuations of the plasma parameters
on the low-frequency time-scale. In the high magnetic field setting, we find that the high-frequency
modes have begun to rotate as in the spot mode condition, however the quasi-coherent oscillation
remains at m = 0.

Looking at this in more detail, we use the dispersion to calculate the phase velocity of the low-
frequency wave. We show in Fig. 9 the propagation of the ionization instability. Here, we see that at
low magnetic field, the instability propagates purely in the axial direction (v, = 0) towards the anode.
As we increase the magnetic field, we find that the instability changes its direction of propagation
towards the cathode. In this transition region (B = 0.2 — 0.4B),4.), the mode appears to rotate very
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Fig. 8 The dispersion of the plasma in plume mode measured 7 mm radially and 20 mm
axially downstream of the keeper exit. The vertical dashed line marks k£ =0 or m = 0.
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quickly, however note that in Eqn. 7 when k., and k, — 0, then v, and v, — oco. As a result, our
analysis technique can lead to spuriously large phase velocities when k is small and this is likely what
is happening in this transition region of the plot. At higher magnetic fields, the mode moves in the
axial direction back towards the cathode with little to no rotation (v; ~ 0). The ionization instability
is a localized phenomenon in the plume, from which plasma waves emanate towards the cathode and
anode. 192! The change in propagation direction is likely due to shifting of the characteristic “ionization
zone" towards the anode, such that we measure the cathode-propagating wave.
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Fig. 9 Velocity of the ionization instability.

In sum, the ionization mode remains an purely axial and is damped by increasing magnetic field.
No rotational modes were observed in this condition, but this could be due to the maximum magnetic
field we were able to experimentally impose on the system. The behavior of the ionization instability,
is distinctly different from the coherent rotational mode that onset at the higher flow rate condition.

V. Discussion
In this section, we focus our discussion on the quasi-coherent structures that form in the cathode
plume. First, let us examine the rotating instability observed at the higher flow rate, spot mode
condition. Similar structures have been observed previously in Hall thruster cathode plumes and
have been described with the anti-drift wave theory similar to that presented in Sec. B. If we take
the limit of weak magnetic field, then the dispersion reduces to

w:k:-(cs—kui)”l];}:B. (8)

By further assuming the plasma approximately follows a Boltzmann relationship with negligible
temperature gradients, then 7,Vn/n = E and we arrive at a simplified expression for the dispersion

w~k-(cs+ug). 9)

In the azimuthal direction, u; = 0 therefore we expect phase velocity in this direction to be on the
order of the ion sound speed. Without a measurement of the electron temperature, we are forced to
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Table 1 Evaluated onset criterion from Eqn. 2. A value > 1 implies the onset criterion
is met for the turbulence-driven ionization instability.

Condition H Spot ‘ Plume ‘

B=0 0.8 1.3
B = By || 0.14 1.35

make an estimate based on previous work to evaluate the dispersion. Most measurements of cathodes
show that the electron temperature is typically between 1 and 5 eV. Given this assumption and the
dispersion relation, we find that the velocity should lie around 1.4 4+ 0.5 km/s. Experimentally we
find that once this wave is excited, its velocity does not vary with the magnetic field. This result is
consistent with the theory, since the ratio v*/vgxp is independent of the applied field. The anti-drift
wave model for this structure also predicts that there should be a small axial component, which our
technique cannot distinguish from &, = 0.

Now we transition our discussion to a comparison of quasi-coherent oscillation in plume mode
with the structures that formed in spot mode. First we evaluate the onset criterion in Eqn. 2
for the ionization instability for each condition (spot and plume mode, B = 0 and B = Bj4,) to
determine if this kind phenomenon could possibly drive the structures we observe. In this experiment,
we were unable to measure all the background plasma parameters; however, we can use estimates
from the literature to determine if the trends appear correct. From Ref. 29, the plasma density
at the orifice can be as large as 10?2 m™> and the temperature is around 1 eV. Note that the
fundamental onset criterion depends exponentially on temperature and as such this is a large source
of uncertainty in our analysis. The keeper orifice is used as the characteristic area and the cathode-to-
anode separation for the characteristic length. We calculate the average frequency of the turbulence
as wo = [, w(¢/Te)?dw/ [, (¢/T.)?dw. Evaluating the onset criterion with these approximate values,
we find in Tab. 1 that the ionization mode is damped in the spot mode conditions but should likely
be growing in the plume mode conditions. This result suggests that it is unlikely that the ionization
mode is forming, even under the presence of the magnetic field.

Further contrasting these modes, we see experimentally that in plume mode we find that the
axial ionization wave is damped by the magnetic field (Fig. 7c, a distinctly different behavior from the
azimuthal and longitudinal modes that grow in with increasing magnetic field (Fig. 2a). Furthermore,
these instabilities travel at different speeds, with the rotating and axial structures in spot mode
propagate at O(1 km/s) while the ionization mode is at O(10 km/s). Although these modes exist in
the same frequency band, given the evaluation of the onset criterion in Tab. 1, the disparity in their
propagating characteristics, and behavior with an applied magnetic field, we conclude that these
coherent structures that emerge in the cathode plume are separate phenomena, in constrast with
the interpretation of recent numerical simulations of these cathodes.?6 In fact, after examining the
fundamental onset criterion in Eqn. 1 it is unclear what the source of energy could be to drive the
ionization mode unstable in the azimuthal direction.

VI. Conclusions
In conclusion, we have measured plasma waves in the cathode plume in the spot and plume mode
conditions. Initially in spot mode, we measured ion acoustic turbulence. By varying the magnetic
field, we can induce quasi-coherent structures that propagate in the axial and azimuthal directions.
While the rotating mode is consistent with the an anti-drift wave in the low magnetic field limit, the
origins of the longitudinal mode remain unclear. By increasing the magnetic field in plume mode,
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where an ionization instability was initially present, we have shown that this mode can be damped. By
examining the onset criterion for an ionization-type wave and the propagation of these instabilities,
we determined that the structures formed in plume mode are different from the ionzization instability
in plume mode, in contrast to recent numerical simulations.
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