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An investigation is performed into the time-dependent correlation between the local electron
resitivity in a hollow cathode plume and the enhanced electron drag induced by wave-driven
turbulence. Emissive, floating, and ion saturation current probes are applied to the plume of a
20-A class LaB6 hollow cathode to characterize the density, potential, and electron temperature.
Emissive probes are employed to characterize the energy in ion acoustic turbulent modes near
the cathode exit plane. The actual electron resistivity in the cathode plume is measured through
a solution of the generalized Ohm’s law with the measured plasma properties. The energy in
the ion acoustic turbulence is related to an enhanced resistivity on the electrons through a
quasilinear formulation. A phase-averaging technique is applied to both sets of measurements
to generate spatially resolved maps of the total resistivity and wave-driven contribution on the
time scale of the 45 kHz, large-scale plume mode oscillation in the cathode plasma. The timeaveraged values of the plasma properties show that, as is consistent with previous numerical
simulations, the electron resistivity in the cathode plume is greater than two orders of magnitude
higher than electron resistance and can be explained entirely by the wave-driven turbulence.
The wave-driven drag similarly is the dominant contributor to electron resistance on the timescale of the 45 kHz oscillations in the near-field of the cathode. These results suggest that
the quasilinear form for the turbulence driven transport is correct for both the time-averaged
and time-resolved dynamics in the plume. These results are discussed in the context of the
relationship between the ion acoustic turbulence and the onset of the plume mode oscillation.
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II. Introduction

P

lasma oscillations and turbulence are known to play a vital role in establishing the plasma state in the plumes of
hollow cathodes that are used as electron sources for electric propulsion systems. As greater lifetime and performance
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is demanded from these propulsion systems for new, ambitious missions, so too is there a need for a better understanding
of the underlying unsteady processes that are thought to dictate cathode performance and lifetime. To date, however, our
limited understanding of the fundamental physics driving these instabilities prevents us from predicting their onset as
well as long-term effects on cathode and, ultimately, thruster performance metrics. These potential risks have compelled
a recent investigation into the physics of hollow cathodes through experiment, theory and modeling[1–10].
The initial investigation of hollow cathode physics focused on non-classical effects of ion acoustic turbulence
(IAT), an electrostatic drift instability that onsets when the electron velocity exceeds the ion sound speed [11]. The
dominant, non-classical effect is the collisionless scattering of electrons off ion sound waves, whereby the electron
momentum is resonantly donated to the wave, resulting in growth of the instability. This kinetic effect on the electrons
can be represented in a fluid description through an anomalous collision frequency that enhances the classical electron
collision frequency [12, 13]. This non-classical term results in an increased plasma resistivity and Ohmic heating,
which can be determined from properties of the turbulence and background plasma parameters. The inclusion of this
effect in numerical models is necessary to yield agreement with experimental measurements of the steady-state plasma
parameters. [5, 7–9].
In addition to improved fidelity, the inclusion of this anomalous resistivity in numerical models also can give rise to a
large-scale, low-frequency plasma instability in simulations of cathodes [8, 9]. The authors of these codes correlated the
onset of this wave with the effect of anomalous resistive heating of electrons from turbulence, and they have interpreted
it as an ionization instability driven by non-classical heating of electrons by the IAT. Qualitatively, the simulations
reflect experimental measurements of a large-scale instability sometimes present in hollow cathode discharges, the
so-called plume mode instability [3, 14–20]. This plume mode is characterized by quasi-coherent fluctuations in density,
potential, and light emission that lead to a dramatic rise in the erosion rate and discharge voltage. While it is known,
empirically, that this mode can be driven unstable by reducing the flow rate to the cathode at constant current, an onset
criterion from first principles still remains elusive. It thus to date has not been possible to predict the onset of this mode.
Given its deleterious effects on cathode operation, this inability poses a risk to developing and flight qualifying systems
for long-duration missions.
In light of this operational challenge, we have explored both theoretically and experimentally in recent work the
nature of the plume mode instability [17–20]. In previous work, it has been shown that the resistivity of the cathode
plume is dominated by ion acoustic turbulence [6, 21]. More recently, we have showed that the large-scale oscillations
in density and light emission are highly correlated in space and time with oscillations in the amplitude of the underlying
IAT [20]. Linking these two previous results together, others have proposed that the dependence of the resistivity on the
IAT may in fact drive the plume mode [8, 9]. Sary [8] showed that large potential, density and temperature fluctuations
are generated near the cathode orifice and propagate as coherent structures and Mikellides [9] found that there was an
“active region" near the edge of the plasma plume where low-frequency density oscillations, commensurate with the
ionization rate, existed. In both cases, as a critical tenet to this hypothesis, it has been suggested that the anomalous
resistivity from the IAT must vary on the time-scale of the plume mode oscillations and in turn that this anomalous
resistivity can be represented by simple scaling laws. While these modeling results are promising in that they exhibit
oscillations that share quantitative features in common with the plume mode oscillation, there has yet to be experimental
evidence demonstrating this time-resolved correlation. Absent experimental evidence, it thus remains an open question
as to the role of IAT in the onset of the plume mode. As an initial step in evaluating this process, there is a pressing
need to confirm if the resistivity remains anomalous on the time-scale of the plume mode oscillations and to determine
if the wave-driven contributions are in keeping with the simple expressions used in previous modeling results. To this
end, in this investigation, we focus on measure experimentally the wave-driven electron resistivity during a period of the
plume mode oscillations.
This article is organized in the following way. First, we provide an overview of the methods for calculating the
electron collision frequency and the effective collision frequency from IAT. Then we discuss the experimental setup,
including details on the probe diagnostics use to estimate plasma parameters. Following is a presentation of the
time-average measurements of plasma and wave properties. The time-resolved measurements are used to correlate
fluctuation in the small-scale turbulence with the electron collision frequency to show that fluctuations in the turbulence
level are indeed the root cause of the oscillations in plasma resistivity and likely result in the coherent plume mode
oscillations.

2

III. Methods for Estimating Total and Wave-driven Resistivity in the Hollow Cathode Plume
In this section we discuss the methods used for calculating the anomalous collision frequency in the plume of the
hollow cathode. We determine this quantity in two ways, one from a momentum balance and another from turbulence
properties. A comparison of these two result is then used in the following sections to show the importance of the
fluctuations wave-driven collisions in the time-resolved total collision frequency.
First, we examine a fluid formulation for determining the anomalous collision frequency. By neglecting the electron
inertia and assuming the ion drift is small compared to the electrons, we arrive at an Ohm’s law for electron momentum
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0 = −nqE − ∇(nqTe ) − nme ue νe ,

(1)

where n is the density, q is the unit charge, E is the electric field, Te is the electron temperature in eV, me is the electron
mass, ue is the electron velocity, and νe is total electron collision frequency. Given the known effects of IAT on the
electron collision frequency, we treat the total electron frequency as being composed of three parts νe = νcl + νen + νan .
The classical Coulomb collision frequency, νcl is given by [22]
 3
nTe
1
,
(2)
νcl = 2.91 × 10−12 nλei Te−3/2 , where λei = 23 − ln
2
106
the electron-neutral collision frequency, νen , is calculated from an empirical cross section [23] and
νen = nn σen (Te )ve ,

(3)

where nn is the neutral plasma density and ve is the electron thermal speed. Through these equations, the anomalous
contribution, νan , that is due to the effective drag turbulence can be calculated. From Eqns. 1 - 3, we can determine the
anomalous component to the electron collision frequency, provided we know the density, the electric field, and the
electron temperature and electron drift velocity.
Alternatively, we can estimate the anomalous collision frequency from the quasi-linear theory of IAT. The momentum
lost by electrons is due to collisionless momentum exchange with each mode in the IAT spectrum [13]. Therefore we
can balance rate at which momentum is lost by electron to the rate at which the wave gains momentum, or
Õ
I AT
nme ue νan
=
pk γk ,
(4)
k

where pk is the momentum density of and IAT wave with wavevector k and γk is the temporal growth rate of an IAT
mode. Physically, this equation implies that the greater the growth in the IAT, the faster momentum is removed from the
electrons and transferred to the wave. Furthermore, the more IAT modes there are in the plasma, the more momentum
can be transferred out of the electron fluid to the turbulence. To evaluate this expression we define the momentum of
each mode as [13]
pk = Wk

k
,
ωr

(5)

where Wk is the wave energy density of the IAT and ωr is the real component of the frequency. Applying the dispersion
in the large wavelength limit and the quasi-linear growth rate for kinetically driven IAT[11], it can be shown that [13]
I AT
νan


2
Õ r π mi
qφk
=
ωk
.
2 me
Te
k

(6)

Through Eqn. 6, we can estimate the anomalous collision frequency from IAT if we are able to measure the electron
temperature and plasma potential fluctuations.
In numerical models, the effects of IAT are often included through a closure model for the anomalous collision
frequency that is based on the background plasma parameters. Mikellides et al. [9] use a closure based on the saturation
of the IAT through non-linear wave-particle interactions
νan = α

Te
ue
ω pi ,
Ti
cs

3

(7)

where ω pi is the ion plasma frequency, Ti is the ion temperature, cs is the ion sound speed, and α is a scaling parameter
derived from the decay of the IAT Fourier spectrum at high frequency[24]. Alternatively, Sary et al. [7, 8] allows for
growth and convection of the IAT. For our purposes of evaluating this closure, we will neglect the convection.
r
√
3
W
∂W
2 me
νan ∝ αω pe
,
=
ω pe π
(Me − 1) ,
(8)
nTe
∂t
9 mi
2
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where W is the wave energy density of the turbulence, and Me is the electron Mach number. We examine these two
closures in later sections by evaluating them with our measurements of the background plasma parameters.
Using these two methods for calculating the anomalous collision frequency, one from the fluid equations another
from IAT theory, we evaluate the hypothesis that the IAT is driving the time-average resistivity as well as its fluctuations
in the plasma. Furthermore we will examine the closure models used by Mikellides [9] and Sary[8]. In the following
section, we discuss the experimental techniques we used to measure the plasma density, electron temperature, electron
drift, electric field, and high-frequency turbulence as a function of position and time in the plume of a hollow cathode.

IV. Experimental Methods
We conducted our experiments using a 20 A hollow cathode with a LaB6 insert, 3 mm tungsten orifice, and a
graphite keeper electrode. The plasma discharge was established between the cathode and a cylindrical tungsten anode
located 70 mm downstream of the keeper surface. We operated the cathode at 20 A, 5 sccm Xe, and 36 V of discharge
voltage – a plume mode condition. The cathode was operated in a 0.5 m × 1 m vacuum chamber at a background
pressure of 20 µTorr-Xe. The experimental configuration is shown in Fig. 1 where the cathode, anode and probe are
visible.

Emissive Probe

70 mm
Hollow Cathode
Anode
Fig. 1

20 A hollow cathode operating with 5 sccm of Xe, a plume mode condition.

We use electrostatic probes to measure oscillations in plasma potential, floating potential, and ion saturation current.
The plasma potential is measured with an emissive probe (shown in Fig. 1), which was constructed with 0.13 mm
thoriated tungsten wire. The signal was measured at 12.5 MHz using an oscilloscope. The floating potential was
measured with a cylindrical probe 2 mm long with a 0.13 mm diameter. We note that because the cathode-to-ground
voltage differed after switching probes and that we corrected for this by subtracting the difference in cathode-to-ground
from the floating probe measurement. We used the same probe, biased to -54 V, and a 100 Ohm low-inductance shunt
resistor to measure the oscillations in ion saturation current at 10 MHz with an oscilloscope. We also simultaneously
collected discharge current waveforms using the oscilloscope and a high-speed Hall probe. This signal acts as a reference
to conduct a phase-average of these plasma parameters in post-processing. This analysis allows us to examine the
evolution of these plasma parameters over a single cycle of the discharge current oscillation. Additional details on the
analysis is provided in Sec.V. By translating the probe, we were able to measure the evolution of these parameters in
time and space.
We note that the presence of electrostatic probes in a plasma is often perturbative and this experiment is no exception.
In particular, when a probe was placed near the cathode, the discharge voltage changes and the waveform of the discharge
4
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Fig. 2 Fourier transform of the plasma potential signal normalized to the electron temperature at three
positions in the plume.
current oscillations can as well. While the discharge current and flow rate were kept constant, the discharge voltage
changed by up to 3 V depending on which probe was present in the plasma and its position. As such, we only present
results where the characteristic waveform of the plume mode was clearly visible in the discharge current.

V. Results
Although numerical models of cathodes suggest that Ohmic heating from IAT is the driver for the plume mode
instability, there are no experimental measurements that directly show that the observed resistivity is equal to the
anomalous resistivity predicted by turbulence theory. Our goal is to show this relationship by calculating the anomalous
collision frequency from Eqn. 1 and the classical parameters such as density, velocity, temperature, and electric field and
comparing with the effective collision frequency calculated from measurements of high-frequency modes and Eqn. 6.
Through our investigation, we first compare the time-average anomalous collision frequency from both methods then we
examine its evolution in time.
A. Time-average Anomalous Resistivity and High-frequency Turbulence
Figure 2 shows the Fourier decomposition of the emissive probe signal normalized to its time-average value (relative
plasma potential fluctuations) at three positions in the plume. Here, we see the large scale, low-frequency oscillations of
the plume mode at 45 kHz and its harmonics as well as the broadband high-frequency turbulence associated with the
IAT beyond 150 kHz. We find that the spectral power decreases with increasing position away from the cathode.
The emissive probe directly gives us the plasma potential, Φ, which we use to calculate the electric field, E, as
E = −∇Φ .

(9)

Combining the emissive probe and ion saturation probe with cylindrical probe theory, we can calculate the electron
temperature as
Te = 2

Φ − Vf

,
1 mi
ln 2π
me

(10)

where Φ is the plasma potential and Vf is the floating potential. Figure 3a shows the time average evolution these
parameters along the axis of the discharge. Here, we have fit the data with a smoothing spline for smoother gradients in
5
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(a) The time-averaged potential, electric field, and elec- (b) The time-averaged density and velocity as a function
tron temperature as a function of position.
of position.

Fig. 3

Time-average plasma parameters

potential to calculate the electric field. The uncertainty is larger on two points in Fig. 3a because the cathode would
mode hop, resulting in large, abrupt changes in the measured plasma potential and fluctuations when the probe was at
these positions. Figure 3a shows a sharp ∼ 10 V increase near the cathode and a slow rise in potential towards the
anode. These trends have corresponding features in the electric field. This stark rise in potential has been noted before
in experiment and simulation and has been attributed to non-classical electron resistivity [3, 6, 25, 26]. On the other
hand, the electron temperature rises slowly in the plume from 2 eV to 6 eV.
Once we have calculated the electron temperature, we can then use the ion saturation current to find the plasma
density using
n=

Isat
,
qcs Ap

(11)

p
where cs = qTe /mi is the ion sound speed, Ap is the probe surface area, and q is the unit charge. Furthermore, by
combining our temperature measurement with a model for the low energy ionization cross section of xenon [27] and an
approximation of the neutral density, nn , in the plume we determine the ionization rate, νion (Te ). Here, we model the
neutrals as a conically expanding gas following Ref. [27]
nn (z) =

mÛ
mi vn π (rk + αz)2

,

(12)

where mÛ is the xenon flow rate, vn is the neutral thermal velocity, rk is the keeper radius, and we have used α = 1,
corresponding to a 45◦ half angle of expansion. Having calculated these two parameters, density and ionization rate, we
can then find the electron drift velocity, ue , by numerically integrating the electron continuity equation. We do not have
2D measurements of density and temperature that would be necessary to estimate electron density from the continuity
equation. In lieu of this, we instead make a quasi 1D approximation that the plasma expands conically and with constant
density and temperature at each axial cross-section. The expression used in our analysis is
A(z) = π (rk + αz)2 .

(13)

Here, we have used α = 0.4, which is consistent with the plasma expanding from the keeper orifice to the anode radius.
This approximation is consistent with the work done in Ref. [9] and experimental observations of hollow cathodes
reported in Ref. [6]. Subject to this approximation, if we denote the changing cross sectional area, A(z), of the plasma,
we can estimate the electron velocity along centerline, ue as
∫z
(nνion − ∂n
n(0, t) A(0)
∂t )A(z)dz
ue = 0
+
ue (0, t) .
(14)
A(z)n
n A(z)
6
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Fig. 4 The time-averaged anomalous collision frequency, classical collision frequency, ionization frequency,
and the anomalous collision frequency from IAT.
For this calculation, we employ a boundary condition at the keeper orifice where we use the discharge current and the
keeper orifice diameter, Ak to determine the initial electron velocity through ue (0, t) = Idc (t)/(n(0, t)qAk ). Figure 3b
shows the time average density and velocity profiles along the axis of the discharge. We see that the density decreases
monotonically along the axis of the discharge by nearly two orders of magnitude whereas the velocity increases by a
factor of 7. We note that we have fit log(n) with a 5th order polynomial (solid line) for smooth gradients. Between 1
and 2 cm, the electron velocity increases more slowly. This occurs because in this region, the first term in Eqn. 14 has
become negligible (the ionization rate and density are low) and the density (who’s gradient is reduced between 1 and 2
cm) and the cross-sectional area happen to be changing almost exactly inversely to each other, leaving the second term
nearly constant with position. Because the density gradient becomes more negative beyond 2 cm, the velocity begins to
increase once more. This is to say, the feature in the velocity is due to the changes in the gradient in density and its
presence is not sensitive to the angle of of the expansion, α. From these parameters, n, ue , E, and Te , we can evaluate
the electron momentum equation, Eqn. 1, to solve for the electron collision frequency.
Alternatively, we can determine the anomalous collision frequency from Eqn. 6 and our measurements of highfrequency turbulence (see Fig. 2). We restrict our sum over electrostatic plane waves to those associated with the IAT
( f > 150 kHz). Figure 4 shows the result of these collision frequency analyses along with the ionization frequency. Note
we have truncated the domain because in the near field (0-0.5 cm), the probe was too perturbative and gave unrealistic
results for the high-frequency energy content. Examining this figure, first we find that all the characteristic frequencies
decrease with increasing position. We also confirm the results of others, showing that the non-classical collision
frequency is orders of magnitude higher than its classical counterpart or the ionization frequency. The anomalous
electron collision frequency is in quantitative agreement (within a factor of 3) with the inferred collision frequency
due to the presence of IAT. This result agrees with numerical simulations of hollow cathodes that include the effect of
enhanced electron drag from turbulence. In light of these encouraging results, we continue our analysis in the time
domain to determine, as others have suggested that time-variations in the electron resistivity are the result in oscillations
in the turbulent wave energy.
B. Time-resolved Anomalous Resistivity and High-frequency Turbulence
Moving to our primary novel contribution in this work, we examine the relationship of the collision frequency to
turbulence-driven drag on electron in the time domain. For this comparison, we use a time-resolved analysis of the
probe measurements along with Eqns. 1 - 14 to determine the fluctuations in the electron collision frequency. We also
calculate the effective collision frequency due to IAT by determining how the amplitude of these modes change in time.
7
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To measure the time-resolved collision frequency, we must first correlate all of our measurements of the plasma
parameters. We conduct a phase-average of the high-speed plasma potential, floating potential, and ion saturation current
measurements, using the discharge current as a consistent reference signal. This is accomplished by first bandpass
filtering the discharge current signal with a lower cutoff frequency of 30 kHz and an upper cutoff frequency 100 kHz and

(a) Electric field and Temperature fluctuations at z = 5
mm.

Fig. 5

(b) Density and velocity fluctuations at z = 5 mm.

Time-resolved plasma parameters.

searching for peaks. Because the frequency of the plume mode oscillation is not steady, the time between peaks may
vary. As such, we average in phase space, assuming that the processes behind the oscillation consistent over a cycle. We
split the phase into 50 bins from 0◦ to 360◦ (each bin containing about 4-6 points in time) and average over 4000 cycles
to recover the phase-averaged signal. Using Eqns. 10 - 14, we estimate the relative fluctuations of the plasma parameters.
Figure 5a shows the oscillations in electric field and electron temperature and Fig.5b similarly shows the time-resolved
density and velocity perturbuations. Here, we see that the electric field is about 60 degrees out of phase with the electron
temperature and that the density and velocity are completely out of phase. We note that at certain locations in the plume,
our time-resolved analysis resulted in a plasma density that was temporarily negative. This is indicative of the probe
collecting electrons, not ions. As a result, we have removed these spurious points from our time-resolved analysis.
We evaluate Eqn. 1 with these plasma parameters to calculate the anomalous contribution to the electron collision
frequency. On the other hand, to calculate the effective collision frequency from turbulence over time, we must use a
phase-averaged Fourier transform and summing over the IAT modes. The procedure for this is discussed in Ref. [20] and
a similar analysis can be found in Ref. [28]. In brief, we calculate the Fourier transform over a short window, relative to
the plume mode oscillation. The window is translated in time to capture 10 distinct phases of the cycle and averaged
over 5000 cycles. This choice of window provides sufficient temporal and spectral resolution to resolve any changes in
the amplitude of the IAT modes over time.
Figure 6 shows the response of the relative fluctuations in the total collision frequency to the classical and anomalous
components at z = 5 [mm]. The response curve is generated by plotting a time-varying parameter, in this case the total
electron collision frequency, against another, such as the classical or anomalous collision frequency. Two parameters
that are highly correlated will produce a straight line with a slope of 1, where as poorly correlated properties will
generate some curve. in Fig. 6, we see that the total electron frequency is highly correlated with the total collision
frequency, as indicated by the linear relationship between ν̃ and ν̃an . The classical collision frequency, on the other
hand, is uncorrelated with the total collision frequency. Ultimately Fig. 6, serves to show that the time dependence of
the total collision frequency is highly correlated with and largely dictated by the anomalous component.
Figure 7a shows the fluctuation of the anomalous collision frequency relative to its mean as calculated from Eqns. 1
and 6, as well as the classical collision frequency (Eqn. 2). We have concatenated three cycles of oscillation to better
show the structure. The uncertainty in our measurement is derived from the standard deviation along the vertical axis
the bin width in the horizontal axis. Within the uncertainty of the measurement (±16◦ ), the fluctuations depicted in

8

Downloaded by UNIV OF MICHIGAN on August 27, 2019 | http://arc.aiaa.org | DOI: 10.2514/6.2019-4079

Fig. 6

Response curve of the electron collision frequency to the classical and anomalous collision frequencies.

Fig. 7a are in quantitative agreement. We find similar agreement between 0.5 to 0.8 cm from the cathode; however,
further downstream, as shown by the representative plot in Fig. 7b, there is a stark difference in the waveforms that is
discussed in the following section. The classical collision frequency is slightly out of phase with the anomalous collision
frequency, has a lower relative amplitude is only moderately correlated with the total collision frequency. The response
curve in Fig. 7c shows that the wave-driven collisions are relatively well correlated with the total collision frequency at
z = 5 mm, barring some small phase off set producing the relatively circular shape in the response curve. At z = 17 mm,
however, we find that these two parameters are not correlated. The results in Fig. 7c, ulimately reiterate our findings in
Figs. 7a and 7b that the fluctuations in plasma resistivity are only well described by oscillations in wave-driven drag
near the cathode.

(a) Time-resolved relative fluctuations of the measured collision frequency and the wave-induced collision frequency from ion acoustic turbulence. z = 5 mm.

(b) Time-resolved relative fluctuations of the measured collision frequency and the wave-induced collision frequency from ion acoustic turbulence. z = 17 mm.

Fig. 7

Time resolved wave properties.

9

(c) Response curve of the electron collision frequency to the wave-driven
collision frequency.

VI. Discussion
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Our results strongly indicate that high-frequency turbulence is responsible for the apparent enhanced collisionality
in the cathode plume during plume mode operation. And most notably in the near cathode region (0.5 - 0.8 cm),
our measurements of high-frequency turbulence show that they dictate the fluctuations in the total electron collision
frequency. Qualitatively, our results agree with observations from numerical simulations of hollow cathodes in plume
mode [8, 9], where the large-scale oscillations are tied to the presence of an enhanced resistivity from IAT. Examining
this connection more quantitatively through the closure models in Eqns. 7 and 8, we show in Fig. 8 that these models are
not highly correlated with the fluctuations in total collision frequency. In particular, the amplitude of the oscillations
predicted by Eqn. 7 are an order of magnitude smaller than those observed in our experiment, indicated by the curve
being almost entirely in the ν̃ direction. On the other hand, the closure in Eqn. 8 is on the same order of magnitude as our
observations, however is not in phase. This is perhaps because we have neglected the convective term in Eqn. 8. These
results indicate that perhaps a saturated model of the turbulence may not be sufficient to properly recover the oscillations
in the turbulence-driven resistivity. Furthermore, this suggests that we may need to consider the time-variation of the
turbulent wave energy to determine an accurate onset criterion for this mode.

Fig. 8 Response of the total collision frequency to the anomalous collision frequency calculated from the closure
models in Eqns. 7 and 8.
Physically, our results in the context of those in the literature [8, 9, 20] suggest the following possible oscillation
mechanism. Heating from the increased resistivity leads to high electron temperatures and ionization. In response, the
plasma increases the density to reduce the electron velocity. Since the growth rate of the IAT is approximately given by
ue
γk = kcs ,
(15)
ve
where cs is the ion sound speed, and ve is the electron thermal speed, the lower electron velocity and increased
temperature reduce the growth of the turbulence. This, in turn, reduces the heating of electrons. Through this possible
mechanism, we would also expect the characteristic fluctuations in light emission as a result of the varying temperature.
This is corroborated by our measurements of the peak-peak electron temperature fluctuations, depicted in Fig. 9, which
exhibit a maximum downstream of the cathode and decreasing amplitude towards the anode.
Although we have now established the important role of IAT in driving the fluctuations in plasma resistivity, a
critical open question about this instability is the determination of an analytical onset criterion providing new physical
insight. Without this information, predicting its onset on orbit or after 10 khrs of operation in deep-space may prove
challenging. The experimental and numerical evidence points to the onset of IAT and the resulting heating as a driver
for this instability; however, a clear interpretation corroborated with experimental evidence for why the presence of
turbulence might lead to instability remains elusive.
10
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Fig. 9

Peak-peak temperature fluctuations.

VII. Conclusion
In conclusion, we have measured the collision frequency for electrons in space and time for the plume of a hollow
cathode operating in plume mode and shown it to be driven primarily by non-classical behavior. Measurements
of high-frequency turbulence commonly associated with ion acoustic turbulence are used to calculate an effective,
anomalous collision frequency that proves to be in quantitative agreement with the observed collision frequency. Notably,
near the cathode, we find that the fluctuations of these parameters in time are highly correlated in phase and amplitude;
however, further downstream a more accurate estimation of the IAT growth rate may be necessary to find similar
agreement. This evidence supports the notion that turbulence plays a critical role in the steady state properties as well as
the temporal oscillation of the plasma in the plume mode, notably near the cathode. Upon examining our measurement
in the context of the closures used in cathode simulations, we find that a saturated approximation does not appear
sufficient to describe the amplitude of the oscillation in resitivity, and that likely a growing, time-varying turbulent wave
energy may be necessary to produce realistic fluctuation levels. Ultimately, these results have direct bearing on the
ultimate goal of deriving stability criterion for the onset of this oscillation and indicates that fluctuations in wave-driven,
effective collisions plays a dominant role in the time-varying total electron collision frequency.
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