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ABSTRACT

The scaling of the electron Mach number in a 20 A class hollow cathode plume is characterized experimentally as a function of the local
plasma properties. These local properties are inferred from measurements with an incoherent Thomson scattering diagnostic, configured to
measure the axial projection of the electron velocity distribution on the cathode centerline. The time-averaged electron temperatures are
found to be 1-2 eV for xenon flow rates between 1.35 and 2.25 mg/s and increase above 5eV at a lower flow rate of 0.45 mg/s. This transition
in temperature corresponds to the cathode’s transition from the so-called spot mode to the plume mode. The electron Mach number is found
to be between 0.2 and 0.8 for all flow rates. The scaling of the Mach number with the ratio of electron temperature to ion temperature is
examined, which reveals a non-monotonic relationship that can be approximately described by the assumption of marginally stable wave
growth. The possibility of leveraging this assumption as a zero-equation closure for the electron fluid equations is discussed in the context of

past experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0241476

The onset of plasma instabilities in current-carrying plasmas is a
critical driver of momentum and energy transport. ~ This is particu-
larly prevalent in low-temperature devices such as the hollow cathodes
employed for space propulsion and materials processing applica-
tions.” © In these systems, an applied potential accelerates electrons
away from the cathode, giving rise to an expanding plasma plume.
Within this plume, the local electric field sustains a high electron drift
relative to the less-mobile ions.”*

This strong electron drift can serve as an energy source for
the growth of plasma instabilities, most notably ion acoustic turbu-
lence.” ” These modes dominate the balance of particle momentum
and energy, affecting the cathode’s coupling efficiency'*'® and ion
sputtering rates."” '’ In order to predict the performance and lifetime
of these devices, the ability to model these kinetic plasma phenomena
is, thus, essential. However, direct kinetic simulations are too expensive
to be practical, while hydrodynamic engineering models cannot cap-
ture these waves from first principles."”*’ In order to model hollow
cathodes within a fluid framework, it is, therefore, necessary to predict
this turbulence’s growth and saturation state as a function of the equi-
librium electron and ion properties, such as drift energy and
temperature.

Quantifying the impact of these instabilities has historically posed
a challenge for hollow cathodes. It is common to represent the wave-

induced forces on the electrons as a drag term in a fluid electron
momentum balance. This force is proportional to an “anomalous” col-
lision frequency parameter.”’ However, introducing this fluid coeffi-
cient to account for Kkinetic effects invites a problem of hydrodynamic
closure: how should the collision frequency depend on the background
plasma properties? To this end, several so-called “closure models” have
been proposed to date and experimentally assessed.'”””** These
models depend on assumptions as to the saturated state of the wave
amplitudes based on the available growth and damping mechanisms.
Despite the effectiveness of this type of closure for other plasma config-
urations, however, there has yet to be a fully validated model for hol-
low cathode plumes.

One approach at closure that has not been assessed experimen-
tally for cathodes is the hypothesis of “marginal stability.” Originally
advanced by Manheimer,”” this theory assumes that the waves’ linear
growth and damping mechanisms balance. In this state, amplitudes
never reach the more strongly nonlinear Sagdeev saturation limit.””
The marginally stable configuration instead implies an algebraic rela-
tionship between the electron drift and temperature, closing the fluid
equations.

Evaluating the hypothesis of marginal stability for ion acoustic
waves requires measurements of electron fluid properties, such as the
Mach number and temperature. In cathodes, directly assessing these
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parameters with conventional probes has been challenging.*”**°

Electrical probes yield only radially averaged estimates for the Mach
number, and the temperature is sensitive to the probe analysis method.
Incoherent Thomson scattering (ITS) can provide these measure-
ments by directly resolving the electron velocity distribution function
(EVDE). Historically, this tool lacked sufficient signal strength to work
for low-temperature, low-density plasmas such as cathode plumes.
However, Vincent and Tsikata recently demonstrated a system with
enough signal to directly resolve the EVDF in a cathode.””** A similar
system was demonstrated on the cathode plume of an operating Hall
thruster in Ref. 29. With that said, in these previous measurements,
the scattering configuration was not oriented along the device axis
and, thus, could not capture the wave-inducing electron drift.”” The
Mach number, thus, has yet to be directly characterized with ITS.

The goal of this work is to apply an ITS experiment to capture
the cathode’s axial electron properties, and from these to assess the
hypothesis of marginally stable ion acoustic turbulence. To this end,
we first overview the predicted relationship between plasma properties
based on the assumption of marginal stability. We then present the
experimental setup and results to evaluate this relationship. Finally, we
compare the predictions of this wave assumption against experimental
data and discuss the implications for closure modeling.

Ion acoustic modes in a current-carrying plasma grow by sapping
energy from the strong electron drift. Following Ref. 16, the growth of
ion acoustic turbulence in the cathode plume can be described by the
imaginary component of the frequency,

kT, (AN T\| v
w; = Tnfl’k |:Me — (Fl) exp 727’1_‘, 75, (1)

where ; is derived from the dispersion relation E(w, + iw;). The
right-hand side describes effects that cause the waves to either grow or
damp. The three terms represent wave growth due to inverse electron
Landau damping, ion Landau damping, and damping due to classical
electron-ion collisions at frequency v;. We ignore these classical colli-
sions from this point forward due to the large collisional mean free
path.”’ In this work, we neglect higher-order nonlinear effects by
assuming that the waves saturate before reaching large amplitudes. If
the waves are marginally stable within this linear growth model, both
sides of Eq. (1) must equal zero. Therefore, the right-hand side of the
equation leads to a constraint on the plasma properties,

T,\>? T,
M, = T &P\ o (0 (2)

which effectively “closes” the fluid equations.

To assess the validity of this relationship, we implemented the
Incoherent Thomson Scattering (ITS) system shown in Fig. 1(a) to
measure the plasma properties in the plume of a 60-A class LaB6 hol-
low cathode. The cathode carried 20 A of current to a cylindrical anode
in a 0.7-m-diameter by 1.5-m vacuum chamber, whereas we varied the
xenon flow rate parametrically.”** Background pressure in the facility
remained below 50 pTorr for all test points.

The ITS system, described further in Ref. 33, consisted of a
Q-switched, frequency-doubled Nd:YAG laser, which we focused into
the plasma through Brewster window vacuum feedthroughs. A collec-
tion lens imaged the scattered light from the 1-mm? laser focus, which
was fiber-coupled to the detection table. We translated the cathode
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relative to the intersection point of the collection optic and laser beam
with a linear motion stage. On the detection table, two volume Bragg
grating filters removed stray laser light at 532 nm, after which the light
entered an HRS-750 spectrometer.”” A 1200 grooves/mm grating then
dispersed the beam to form an image of the spectrum on a vertically
binned EMICCD detector chip with 15km/s velocity resolution per
pixel. The 20-ns detector exposure was synchronized to the 10-Hz laser
pulse and operated at a gain of 5000. To improve signal relative to the
CCD noise, we applied a photon-counting algorithm based on a detec-
tion threshold of 200 counts.”**”

The resulting laser scattering spectrum is a distribution of photon
counts over wavelength, /, around the laser wavelength of 7 = 532
nm. Figure 1(b) shows a typical spectrum, where the Doppler relation,
v(4) =¢(Ao/L —1)/(2sin(0/2)), converts the scattered wavelength
to the velocity.”® Here, ¢ represents the speed of light, and 6 represents
the angle between the incident and scattered wavevectors, as shown by
the inset in Fig. 1(a). The resulting velocity distribution is projected
along the axial measurement vector Ak = k, — k;, where k; denotes
the incident wavevector and k, denotes the scattered wavevector.
Dashed lines in Fig. 1(b) denote the velocity band attenuated by the
Bragg filters, which is not considered for fitting.

In order to extract electron properties from the EVDF, we
assumed a Maxwellian distribution and accounted for convolutional
broadening by the spectrometer’s instrument function,”*”” which we
approximated as the laser’s unfiltered line shape. Solving the inverse
problem for the best-fit parameters n,, vy, and u,, given this
Maxwellian model by way of least squares optimization determines
these fluid parameters directly. The calibration factor H determines the
absolute intensity, due to laser power and transmission efficiencies.””
We determined H using the rotational Raman scattering spectrum of
nitrogen and oxygen molecules in ambient air at a pressure of 0.1 Torr
as measured with the same apparatus.”**”*

We show in Fig. 2 the axial electron properties along the cathode
axis, referenced to the keeper surface. The error bars show 95% credi-
ble intervals based on fitting uncertainty. From these results, we first
note that in all cases, the electron density [Fig. 2(a)] decays with dis-
tance from the cathode exit. This type of decay has been noted before
from measurements performed with physical probing techniques.'”**
The decrease with distance is physically consistent with the decrease in
density due to the expansion of the plume into vacuum. We also note
that the electron density globally appears to increase with the flow rate.
Similar features have also been noted in previous studies™ and can be
attributed to the fact that higher neutral flow correlates with higher
rates of plasma production in the discharge.

In Fig. 2(b), we show the electron temperature. For the two higher
flow rate conditions (1.35 and 2.25 mg/s), the value of T, remains near
1-2¢eV. These temperatures are within a factor of two of previously
reported data on similarly configured cathodes,'* which ranged from 2
to 3.5 at these operating conditions. At the 1.35 mg/s flow rate, the fur-
thest downstream measurement exhibits a marked increase in temper-
ature with a larger error bar. This in large part can be attributed to
poor fitting to the lowest-signal measurement in the dataset. In a
departure from the high-flow rate conditions, the low-flow case shows
temperatures rising from 5 eV near the cathode exit to 8-10eV at 1 cm
downstream of the cathode exit. These temperatures also roughly agree
with Langmuir probe measurements and undirected Thomson scatter-
ing measurements in the near field, which showed a rise from 2 eV at
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FIG. 1. (a) Schematic of the incoherent Thomson scattering apparatus for obtaining the axial electron velocities. The inset displays the scattering geometry. (b) Example of a
typical electron velocity distribution function in the hollow cathode plume, with a Maxwellian fit. The vertical axis unit is average photon counts per laser pulse, where the aver-
age is taken over 3000 laser pulses. Vertical lines show the band attenuated by the optical notch filters, which are rejected from fitting.

the cathode exit to 7V in the far plume.'”*” This increase in tempera-
ture was also correlated with a marked increase in low-frequency
(~ 10 kHz) oscillations in the cathode current, as measured by an
inductive current probe on the discharge power supply. These large
oscillations indicate the transition to plume mode, an operating state
in cathodes correlated with high currents and low-flow rates with large
global oscillations.™ This mode has been shown in past studies to
coexist with increased electron temperatures.

Finally, Fig. 2(c) shows the axial velocities, which are inferred
from the shift of the scattered spectrum’s mean relative to the laser
wavelength. For the high-flow rate conditions, the velocity is relatively
constant through the plume, save for some outlier values downstream.
These values could be an artifact of the decreased signal-to-noise in the
far field, as reflected by the larger error bars. For example, while at
5mm, the signal-to-noise ratio (SNR) exceeds 25 for a flow rate of
1.35 mg/s, at 20 mm, the SNR falls to around 0.5, and noise can artifi-
cially broaden the distribution.”” At the lowest-flow condition, the
apparent velocity varies non-monotonically throughout the plume.
However, the spatially averaged velocity monotonically decreases as

the flow rate is increased. Physically, this trend can be explained by
particle continuity: when the plasma density is increased at higher flow
rates, the electron drift speed must decrease to support the same
current.

Armed with this experimental plasma property data, we can now
evaluate the validity of the marginal stability relationship [Eq. (2)] for
describing the relationship between these properties. In Fig. 3, we
show the scaling of the electron Mach number, M, = u,/vr,, against
the electron temperature to ion temperature ratio for the measure-
ments across all operating conditions. The magnitudes of the reported
Mach numbers are broadly consistent with the values that have previ-
ously been inferred from indirect probe-based measurements, though
the values we report are up to a factor of two lower.””” Notably, the
average magnitude of the electron Mach number is not monotonic
with flow rate or electron temperature. The Mach number is below 0.5
for the 0.45 and 2.25 mg/s conditions, while at 1.35 mg/s, the electron
drift is a larger fraction of the thermal speed (M, = 0.5).

We also show in Fig. 3 an evaluation of Eq. (2), the marginal
stability relationship. We lack direct measurements of the ion
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FIG. 2. Fluid properties inferred from the fits to the Thomson scattering spectra along the axial direction. (a) Plasma density. (b) Electron temperature. (c) Electron drift speed.
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FIG. 3. Mach number vs electron-to-ion temperature ratio for all of the data
acquired in the study. Overlaid is the relationship derived assuming marginally sta-
ble ion acoustic turbulence. The ion temperature is assumed to increase linearly
with position from 0.5 eV at the cathode exit to 2 eV at 20 mm.

temperature, but based on past experiments on similar devices, this
quantity likely increases with distance from the cathode.'*”****' Based
on our near-field ion temperature measurements in a previous study
on a similar cathode, we approximate the growing ion temperature as
a linear function with distance, having a value of 0.5 eV at the cathode
exit and 2 €V at 20 mm."" We note, however, that higher-current cath-
odes in the “plume mode” can demonstrate even more rapid ion heat-
ing."® Studies with retarding potential analyzers have also shown the
presence of higher-energy ions due to wave heating in the downstream
region and the bulk drift of the ions.'® We see that across operating
conditions, the marginal stability fit captures well the non-monotonic
variation of the Mach number with the electron-to-ion temperature
ratio, including the sharp increase in Mach number with temperature
ratio at high-flow rates and gradual decrease at low-flow rates.

Given that the assumption of marginal IAT stability captures the
scaling of cathode plume plasma properties at multiple operating con-
ditions and across the spot-to-plume-mode transition, we now explore
the theoretical implications of this relationship for closure of the elec-
tron fluid momentum equation in the context of previous measure-
ments. The force exerted by the wave fields on the electrons can be
written as an effective drag force per unit volume, f, = —m,n,ucVan,
where v,y is the anomalous collision frequency. For ion acoustic
waves with energy density W and a frequency on the order of the ion
plasma frequency, ' “*** this term takes the following form:

T wpeWT
=4/ 3
VAN 1611 nokpT, (3)

where 7 is a scaling constant of order 1 and ), is the electron plasma
frequency.

In order to evaluate this wave force, we still require an assump-
tion for the saturation energy density of the waves. Two common such
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assumptions are that the waves saturate at some fraction ¢ of the local
electron thermal energy density, Wy = en.kgT,, or the electron drift
kinetic energy, Wr = em,n, uﬁz for a constant ¢ of order unity. For the
case of thermal saturation, the collision frequency is independent of
Mach number and temperature, and, thus, the marginal stability rela-
tionship would only affect the energy balance rather than the
momentum-transfer collision frequency.

However, in the case of drift-energy-saturated-waves, the
temperature-dependence remains; substituting Eq. (2) for marginally
saturated turbulence yields

T\’ ~T,
VAN Drift = (Ope (?) exp { T, }7 (4)

where ( is a constant. This formulation implicitly includes the assump-
tion that the wave growth is described by weak, collisionless turbulence
theory. As a result, the functional form of the effective collision rate
scales strongly with the rate of linear ion Landau damping, which, in
turn, scales with T,/T;. Notably, in a previous experimental study of
the time-resolved plasma properties in this cathode, this saturation
assumption led to the only closure model, which could qualitatively
predict the fluctuations in electron properties.”*

We can also compare these results inferred from plasma proper-
ties with previous experimental studies that aimed to measure the
wave properties directly in hollow cathodes. Recent probe measure-
ments of wave growth rates on a similar cathode demonstrated only
minor deviations from the linear theory,” which is consistent with our
prediction that the waves saturate before reaching nonlinear ampli-
tudes. Similar probe measurements in a 5x higher-current cathode,
however, suggested higher Mach numbers and unsaturated wave
amplitudes in the near field.” At the same time, coherent Thomson
scattering measurements of the wave spectrum in a lower-power cath-
ode instead revealed evidence of nonlinear interactions shaping the
wave spectrum.”* Taken together, these studies suggest that a fully pre-
dictive model of the wave saturation state should depend on the global
discharge parameters and device geometry.

Furthermore, we note that other plasma configurations have sim-
ilarly been observed to exhibit anomalous transport governed by mar-
ginally stable ion turbulence, including the Earth’s ion acoustic bow
shock” and suprathermal ion structures in tokamaks."® Despite this
agreement of marginal stability theory with the plasma properties, we
note that our quantitative results could be altered if the assumptions
that ion temperature is below 2 eV and nonlinear wave interactions are
small do not hold. Also, we remind the reader that low-frequency
plasma fluctuations, especially in the plume-mode operating condition
at 0.45mg/s, could lead to blurring on the time-averaged Thomson
spectra, which artificially increases apparent temperatures.”” However,
these admissions would result in only minor modifications to the
strongly non-monotonic dependence of Mach number on tempera-
ture. Formulating the wave saturation properties algebraically is a step
toward not only predictive modeling of these devices, but potentially
mitigation of strong instabilities that affect performance, which has
been possible in other plasma configurations. "’

In summary, we have non-intrusively measured the axial projec-
tion of the electron velocity distribution in a hollow cathode plume.
We inferred the electron temperature, density, and velocity from this
measurement assuming thermodynamic equilibrium. We found that
the Mach number, which strongly influences the wave modes which
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can grow, was moderate—between 0.3 and 0.8 in all cases. We then
invoked the hypothesis that the ion acoustic waves that are known to
exist in the cathode plume are marginally stable, leading to a relation-
ship between the Mach number and the ratio of electron temperature
to ion temperature. This simple method for describing the wave satu-
ration state explains the observed non-monotonic trends in electron
properties well, including across the transition from the spot mode to
the plume mode. As a result, this relationship offers a potential closure
to the electron fluid equations, allowing self-consistent simulations of
the plasma properties. To this end, we demonstrated the resulting
functional forms for the anomalous collision rate parameter based on
various assumptions for the wave energy saturation level. If these
expressions prove to be generalizable across different cathode configu-
rations, this approach offers a potential solution to the problem of pre-
dicting hollow cathode anomalous electron resistivity.
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