
PHYSICAL REVIEW E 90, 063106 (2014)

Ion acoustic turbulence in a 100-A LaB6 hollow cathode
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The temporal fluctuations in the near plume of a 100-A LaB6 hollow cathode are experimentally investigated. A
probe array is employed to measure the amplitude and dispersion of axial modes in the plume, and these properties
are examined parametrically as a function of cathode operating conditions. The onset of ion acoustic turbulence
is observed at high current and is characterized by a power spectrum that exhibits a cutoff at low frequency and
an inverse dependence on frequency at high values. The amplitude of the turbulence is found to decrease with
flow rate but to depend nonmonotonically on discharge current. Estimates of the anomalous collision frequency
based on experimental measurements indicate that the ion acoustic turbulence collision frequency can exceed the
classical rate at high discharge current densities by nearly two orders of magnitude.
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I. INTRODUCTION

Despite the fact that the hollow cathode is a staple
component of many of the electric propulsion systems flown
today, there are two major physical mechanisms governing
the behavior of these flight-critical elements that remain
unclear. The first is the presence of anomalous resistivity
in the cathode plume [1]. Without an understanding of this
effect, simulations of hollow cathodes must be informed
by experimental measurements. This dependence limits the
ability of models to examine new design iterations and curtails
their predictive capability for long life behavior. The second
anomalous effect is the production of ions in the cathode plume
with energy significantly in excess of the discharge voltage.
These high energy ions have been shown to be capable of
completely eroding away the cathode keeper face [2,3]—a
result which typically results in component failure.

To date, our lack of understanding of the cathode physical
processes has not prevented the successful qualification of
deep-space missions that rely on this technology [4–7];
however, in light of new NASA programs that are calling
for higher power EP missions with extended lifetimes, it is
becoming increasingly important to resolve the hollow cathode
unknowns. Indeed, the only extended lifetime study of a
high-current hollow cathode ever performed demonstrated a
maximum lifetime of just 8000 h at 100 A [8]. In light of
this failing, the need is apparent to design cathodes with
improved capability, and a more complete understanding of
the anomalous processes governing cathode behavior can help
facilitate this effort.

While most investigations of hollow cathodes have focused
on the problem of high energy ion formation [9–17], the
importance of anomalous resistivity to cathode operation has
only recently come to light. In particular, while attempting to
simulate the partially ionized gas in a 1.5-cm-diameter, 25-A
discharge hollow cathode used in the Nuclear Electric Xenon
Ion System (NEXIS), Mikellides et al. found that classical
resistivity alone was insufficient to explain the gradients
of plasma potential and electron temperature measured in
the orifice and near plume of the device [1,18]. The same
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conclusions were reached after numerical simulations were
performed of a smaller cathode (0.635 cm, 13 A) used in
the NASA Solar Electric Propulsion Technology Applications
Readiness (NSTAR) engine [16]. In an effort to provide a
physical explanation as to why anomalous collisions should
exist in these devices, Mikellides et al. showed that the
electron Mach number and electron to ion temperature ratio
were high enough in the orifice and near-plume plasma
to onset ion acoustic turbulence (IAT)—a mode commonly
found in current-carrying plasmas and often associated with
significant anomalous collisionality [19–21]. Through a series
of numerical experiments, the authors then argued that the
collision frequency that arises from the IAT is sufficiently
large to explain the anomalous resistivity that occurs in hollow
cathode plumes.

In spite of the success the authors found in using the IAT
collisionality to capture a number of experimentally observed
trends, Mikellides et al. noted that the incorporation of this
effect into their models was based on conjecture: There was
no experimental confirmation of the IAT. To be sure, acoustic
modes have been proposed to explain some of the salient
trends in the observed frequency spectra of probes inserted
into hollow cathode plumes [22,23], but the acoustic nature
of these waves has never been directly measured. This lack
of experimental confirmation brings a number of questions
to mind about the role of the IAT in the operation of hollow
cathodes: Does the IAT even exist in the plasma plume, and if
so, how does it depend on operating conditions? Does it result
in anomalous collision frequency? If yes, is the magnitude
of the collisionality sufficient to justify the use of anomalous
resistivity in the models?

The goal of this paper is to examine these questions experi-
mentally and analytically. In the first section, we briefly review
the theory of current-driven turbulence in an unmagnetized
plasma. In the second section, we describe the experimental
setup we employed to probe for the presence of acoustic
turbulence and its effects in the plume of a 100-A LaB6 hollow
cathode. In the third section, we present the results of the
experimental investigation and interpret them in the context of
both turbulent theory and previously reported simulations of
the cathode [24]. In the fourth and final section, we discuss
the implications of IAT for hollow cathode performance and
future modeling efforts.
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II. ION ACOUSTIC TURBULENCE THEORY

The ion acoustic instability is an electrostatic mode that
naturally arises in plasmas where there is a large disparity in
ion and electron temperatures Te/Ti � 1 and where there is
a significant electron drift velocity Ve. As such, the hollow
cathode plume with its strong electron current and low ion
temperature is a prime environment for the onset of this
wave. In this section, we review the dispersion relation for
the acoustic mode, and we explore the impact the instability
can have on steady-state plasma parameters.

A. Dispersion relation

Since the collisionless processes that lead to the growth
of the ion acoustic mode are inherently kinetic, we examine
its dispersion relation through this formalism. Implicit in the
following derivation is that the plasma is uniform as compared
to the wavelength λ � L where L denotes the characteristic
gradient length and that the wave vector k is in the same
direction as the electron drift Ve. While this second assumption
can be violated for large amplitude waves (c.f. Refs. [19]
and [25]) where loss processes lead to a saturation of modes in
the parallel direction, we assume saturation is sufficiently weak
at the onset of the instability that propagation is primarily in the
direction of the electron drift. With this in mind, allowing for
weak collisionality, the dispersion relation for acoustic modes

is given by [26]
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Here ω is the wave frequency, k is the component of the wave
vector parallel to the electron drift velocity, Vs is the drift speed
of the s species in the parallel direction, vs is the thermal speed,
Ts is the temperature in units of energy, ms is the species mass,
ne = ni = n0 is the background plasma density, and νs denotes
the collision frequency.

We consider the following ordering that is characteristic
of the ion acoustic mode as well as the cathode plasma vi �
cs � Ve � ve, where cs = √

Te/mi is the ion sound speed.
In this limit, it is only necessary to consider the cases where
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where ωpi =
√

q2n0/ε0mi and we have transformed to the ion
rest frame, ω′ = ω − kVi ; V ′

e = Ve − Vi . The solution of this
equation for the frequency as a function of the wave number
yields the dispersion of the acoustic mode. Finding this exact
relationship is difficult in light of the equation’s nonlinearity.
Instead, we approximate the frequency dependence (c.f.
Ref. [27], Chapter 4) by separating the dielectric tensor into
its real and imaginary components: ε (ω,k) = εr + iεi . Then,
letting k be real, allowing ω = ωr + ωii, and assuming a small
growth rate, ωi � ωr , we can Taylor expand the dielectric
function with respect to ωr . This yields two relations:

0 = εr (ωr,k), ωi = − εi(ωr,k)

∂εr (ωr )/∂ω
.

Applying the first of these approximations to Eq. (4), we find
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This is the kinetic dispersion for the real frequency of the ion
acoustic mode. In the limit of cold ions Ti � Te and large
wavelengths kλde � 1, we can see that this mode propagates
with the ion sound speed vφ = ω/k = cs , whence it derives
its name. Recalling that ω′ = ω − kVi , we can express the

dispersion in the laboratory frame:

ω ≈ k[cs + Vi], (6)

where we have, for simplicity, made the substitution ωr → ω.
Subject to the parameters typical for high-current cathodes,
Eq. (6) is the experimental relationship between frequency and
wave number we would expect to see if ion acoustic modes
are present in the plasma.

We can determine the necessary conditions for these ion
acoustic waves to appear by examining the imaginary part of
the wave frequency. To this end, we use Eq. (4) and our Taylor
expansion of the dielectric function to find
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where we have made the simplification ω′/k ≈ cs in order
to arrive at this compact form. In this expression, the first
term stems from electron Landau damping, the second is
from electron collisional effects, the third term represents
ion Landau damping, and the fourth term is from collisional
damping due to ions. Following Ref. [26], we note that subject
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to the conditions for the development of the ion acoustic mode,
we have (νe/kve) ≈ (νe/ω)(me/mi)1/2 � 1. We therefore can
neglect the second term in the growth rate as compared to
the role of electron Landau damping. Similarly, assuming
Te � Ti , which is valid for the cathode plasma, we can neglect
ion Landau damping compared to the ion collisional term.
Equation (7) thus can be simplified to

γ = 2ωi = ω′
[(π

2

)1/2
(

V ′
e

ve

)
− νi

ω′

]
, (8)

where we have assumed cs � ve and written the expression
in terms of γ , the growth rate of the instability. Equation (8)
embodies the dominant effects that can impact the formation
of ion acoustic turbulence: growth due to inverse electron
Landau damping and dissipation due to ion collisions. Since
the electron Mach number can be very high V ′

e � ve for the
cathode plasma [24], it is reasonable to expect that the ion
acoustic instability will exist in the plume.

B. Anomalous collision frequency

As we have seen from Eq. (8), the main driver for positive
growth of the IAT is inverse electron Landau damping. This
suggests that the energy for the ion acoustic instability comes
at the expense of electron velocity. Effectively, the electrons
are slowed down to add energy to the propagating waves.
This energy transfer is irreversible and consequently can be
modeled by an anomalous collision frequency. Weak-turbulent
theory yields an expression for this frequency [25]:

νAN ≈ ωpe

W

n0Te

. (9)

Here ωpe denotes the electron plasma frequency and W is the
total energy density in the IAT given by

W = ε0

2

1
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where the integral is over all of k space. We thus find the
intuitive result from Eq. (9) that the larger the instability, the
more energy it must extract from the electrons in order to be
maintained.

It is possible to relate Eq. (9) to experimentally measurable
quantities under the assumption that the wave vector is
confined to a small cone centered around the direction of
electron drift. Coupled with the relations ω′ ≈ kcs and Eq. (4),
this assumption allows us to proximate the volumetric integral
by an integral in one dimension:
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e
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where Lk is a characteristic length in k space and we have
implemented an upper bound on the integral at the wave cutoff.
Finally, we can convert to a frequency integral to find
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e
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FIG. 1. (Color online) Photo of the 100-A hollow cathode ex-
perimental setup. A retarding potential analyzer (not used in this
investigation) and the ion saturation probe array are also indicated.

where Lω is a characteristic length in frequency space and
we have written in the second line the integral as a sum over
components in the frequency spectrum. Equation (12) is an
estimate for the IAT anomalous collision frequency expressed
in terms of the plasma density, electron temperature, and
potential amplitude spectrum of the turbulence. This result
is valid provided the IAT does in fact propagate in the cathode
plume.

III. EXPERIMENTAL SETUP

In this section, we describe the cathode we investigated as
well as the diagnostics we employed to detect the presence and
impact of ion acoustic turbulence in the plume.

A. Cathode assembly

The 100-A cathode assembly (Fig. 1) in our experiment was
designed with the purpose of achieving high current output.
As reported in detail in Ref. [28], it consists of a graphite tube
that houses a LaB6 insert. A tungsten endplate with an orifice
that is 12% the diameter of the cathode tube caps the end. The
cathode tube is wrapped with a tantalum coaxial heater that
in turn is housed in a graphite keeper. The ratio of the keeper
orifice to the keeper diameter is 15%.

The setup was installed in the JPL High Current Test
Facility, a 2.8 m × 1.3 m cylindrical chamber with vacuum
maintained by two cryopumps. The base pressure of this
facility was ∼10−7 T, and at the max flow condition we
examined, 20 sccm xenon, the background pressure was
maintained at 3.7 × 10−4 T. The anode consisted of a water-
cooled, copper cylinder that was lined with tungsten and
located ∼3 cm downstream of the keeper face. The cathode
assembly was surrounded by a solenoid capable of generating
a magnetic field, although for the measurements reported here,
there was no applied magnetic field.
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B. Diagnostics

We performed two types of measurements during these tri-
als in order to characterize the background plasma parameters
and fluctuations. We discuss in the following the diagnostics
we employed to make these measurements and the analysis
techniques we used.

1. Langmuir probe

The background plasma density and temperature were
measured with a single Langmuir probe located 0.75 cm
downstream of the keeper face and placed on axis. The
exposed element was 2 mm in length with a diameter of
0.51 mm. The reported electron temperature was inferred from
an exponential fit to the probe IV trace (c.f. Ref. [29]), while
we employed the thin sheath approximation for cylindrical
probes to estimate density, ni = isat/(0.61qAp

√
Te/mi) where

Ap denotes the probe area. The measurements reported here
were generated from an average of 32 probe traces.

2. Ion saturation probes

To characterize the on-axis, current-driven fluctuations in
the cathode plume, we employed the dual ion saturation probe
setup shown in Fig. 1. It consisted of two exposed tungsten
tips oriented along the axial direction. The length of each tip
was 2 mm and each probe was biased to −30 V with a battery.
The purpose of this diagnostic was to measure fluctuations in
ion saturation current isat since these in turn serve as a proxy
for plasma potential. In particular, for electrostatic modes such
as the ion acoustic wave, we have

φ ≈ Te

q

ñ

n0
, (13)

where ñ denotes the fluctuations in the plasma density. The
ion saturation current, however, is a direct proxy for density
isat = αni where α is a constant dependent on electron temper-
ature and probe dimensions. Assuming electron temperature
fluctuations are small compared to density perturbations then,
we can see from Eq. (13) that

φ ≈ Te

q

ĩsat

īsat
, (14)

where īsat denotes the time averaged quantity. By measuring
the fluctuations in ion saturation current, we thus are able to
infer fluctuations in potential.

Armed with this relation, we can characterize the nature
of waves in the plasma by correlating the signal between
probe tips. The principle of this technique can be illustrated
by representing the fluctuations in the plasma with an eikonal
approximation:

φ =
∑

ω

φ(ω)ei(k(ω)x−ωt), (15)

where k(ω) is the wave number at frequency ω and φ(ω)
denotes the complex amplitude of the wave with frequency
ω. The fluctuation in potential as measured at two different
positions in x is thus given by

φ1(t) =
∑

ω

φ1(ω)ei(k(ω)x1−ωt), (16)

φ2(t) =
∑

ω

φ2(ω)ei(k(ω)x2−ωt). (17)

By taking the Fourier transformF with respect to time of these
two signals, we can find the following relation:

k(ω) = 1

x
tan−1

[
Im(F[φ2(t)]F∗[φ1(t)])

Re(F[φ2(t)]F∗[φ1(t)])

]
, (18)

where x = x2 − x1. This expression provides a means to
measure the wave number k(ω) along the vector between the
two probe tips (axial in our case) where the range of discernible
wave numbers is dictated by the separation between probes,
|k| < π/x.

The accuracy of this approach can be improved in a noisy
environment by averaging over a number of time signals.
However, if there are multiple modes present in the plasma, i.e.,
multiple wave numbers for a fixed frequency, this technique
can be errant. In order to resolve the distribution of k at a
fixed ω, we employ the histogram technique first proposed
by Beall [30]. In particular, we perform a number M of
time samples and evaluate the wave number as a function
of frequency for each run according to Eq. (18). We then bin
the k values and weight them according to

S(ω,k) = 1

M

M∑
j=1

I0,k[k − kj (ω)]
1

2

[
P

(j )
1 (ω) + P

(j )
2 (ω)

]
.

(19)

Here j indicates the run number, P
(j )
1 ,P

(j )
2 , are the power

spectra of the two signals, and we have defined the function,

I0,k(x) =
{

1 |x| < k

0 |x| > k
,

where k is the width of the bin. Equation (19) provides a
means for us to visualize the dominant frequencies and wave
numbers in k − ω space. In particular, the results for wave
detection that we report in the following section were generated
from Eq. (19) and are represented as intensity plots in k − ω

with a wave number resolution of k = 0.84 m−1 (for 150
bins) and a frequency resolution of f = 10 kHz.

IV. RESULTS

In the following section, we present the results of a
parametric investigation of the oscillations in the plume of
the 100-A LaB6 cathode. All measurements were performed
on axis at 0.75 cm from the keeper face. We examined
operating conditions at four flow rates of xenon, 8 sccm,
10 sccm, 15 sccm, and 20 sccm over the discharge current
range ID = 20 A − 130 A.

A. Background measurements

We show measurements in Fig. 2 of the electron temperature
and density as a function of the cathode operating condition.
From the plot on the bottom, we find the physically intuitive
result that the density increases monotonically with discharge
current at all flow conditions. Similarly, from the plot on the
top, we immediately can see that the overall magnitude of
electron temperature decreases with flow rate. This latter trend
is consistent with previous experimental investigations [28]
and suggests that collisional damping leads to an overall
depression in electron temperature.
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(a)

(b)

FIG. 2. (a) Electron temperature (b) and plasma density as func-
tions of discharge current at four different flow rates. A representative
error bar is shown for the temperature while the density is accurate
to within 50%.

The trends for temperature as a function of discharge
current are not as easily explained. In particular, at 8 sccm
we can see the temperature strictly increases with discharge
current, while at higher flow rates the electron temperature is
nonmonotonic—passing through a minimum value and then
rising. This is in direct contrast to the results reported in
Ref. [28] where it was found that inside the same cathode
tube and at fixed flow rate, the electron temperature decreased
monotonically with discharge current. This discrepancy be-
tween internal and external measurements may stem from
the relationship between electron temperature and resistive
heating in the plume. In particular, although the electron
temperature falls inside the cathode with increasing discharge
current due to internal processes, at sufficiently high discharge
currents, local effects in the plume—such as the onset of
the IAT—may give rise to enhanced collisionality. This in
turn could lead to local heating and a subsequent increase in

electron temperature. The initial decrease in temperature with
current we observe in Fig. 2 thus could reflect the fact that
at small discharge current, the resistive heating in the plume
is sufficiently low that the plume temperature is a proxy for
the internal cathode processes (decreasing temperature with
current). It is only when the resistive effects in the plasma
become sufficiently high that the external resistivity becomes
dominant and the temperature in the plume deviates from the
experimentally observed trends inside the cathode. This is a
possibility we explore in the following sections.

B. Turbulence measurements

In order to examine the nature of the fluctuations in the
cathode plume, we employed the methods and techniques we
outlined in Sec. III to generate the Beall intensity plots shown
in Fig. 3. These figures serve to illustrate the frequency and
axial wave number character of the fluctuations in the cathode
plume as a function of increasing discharge current at fixed
flow rate (10 sccm).

Most notably, we can see that while at ID = 30 A the
intensity plot is dominated by low frequency (<100 kHz) and
dispersionless content, a high frequency mode with a linear
dispersion begins to emerge at increasing discharge current.
This is clearly illustrated by the transition from ID = 60 A
to ID = 110 A where in the former case the high frequency
content is comparable in amplitude to the low frequency
components and in the latter case the high frequency mode is
dominant with a maximum near 800 kHz. The strong linearity
from both plots that exhibit the high frequency mode allows
us to identify the effects of aliasing. Since the probe spacing is
a finite width x, modes with wavelength λ shorter than the
spacing between the probe tips appear as lower wave numbers
with k = 2π (λ−1 − n/x) where n = 
x/λ�. Given the
periodicity of the dispersions in Fig. 3, however, we can adjust
for the aliasing by translating the plot with respect to wave
number. An example of this correction is shown in Fig. 4 and
reflects the true dispersion of the mode.

The linear nature of the high frequency mode in the
direction of electron drift strongly suggests that it is the ion
acoustic instability (ω ∝ k). This conclusion is bolstered by
measurements of the phase velocity exhibited by the mode,
which we have made by fitting a line to the dispersion plot.
An example of such a fit is illustrated by the dotted line
in Fig. 4, and the results of these fits over the investigated
parameter space is shown in Fig. 5. We note that the plotted
points correspond to the conditions where we could observe
the linear dispersion in the Beall plots, and the reason why
the high flow rate case, ṁ = 20 sccm, is not shown is because
we could not resolve the high frequency mode above the
noise. For comparison, we also include in Fig. 5 a plot
of the calculated sound speed cs = √

Te/mi as a function
of operating conditions. The correspondence between the
measured phase velocity and the ion sound speed provides the
strongest evidence yet that the observed linear mode is the ion
acoustic instability. There is an offset in all cases of ∼3 km/s
such that the measured phase velocity does not correspond
directly to the sound speed, but we note that this discrepancy
can be explained by the fact that the phase velocity of the wave
is the sum of the ion sound speed and the ion drift velocity
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FIG. 3. (Color online) Beall plots with increasing current at the
flow condition ṁ = 10 sccm: (a) ID = 30 A; (b) ID = 60 A; and
(c) ID = 110 A. Each plot is normalized to its maximum and has a
frequency resolution of 10 kHz.

[Eq. (6)]. This would indicate an axial ion drift of ∼3 km/s,
which is consistent with previous laser induced fluorescence
measurements of ion velocities in a hollow cathode [31] as well
as simulations of our 100-A LaB6 high current cathode [24].
With this result, we have for the first time experimental
evidence that ion acoustic turbulence exists in the cathode

FIG. 4. (Color online) Beall intensity plot where aliasing is cor-
rected for the case of ID = 90 A and ṁ = 10 sccm. The dotted line
is a best fit to the linear dispersion of the acoustic mode.

plume. This corroborates the assumptions about the local
plasma we made in Sec. II as well as the findings of previous
modeling efforts that showed the conditions were right for this
mode to onset [1,16,24].

We show in Fig. 6 the frequency dependence of the power in
the IAT as a function of discharge current. The low frequency
peak at f = 50–100 kHz corresponds to the dispersionless
mode identified in Fig. 3 and is likely associated with the
coherent ionization instability previously discussed by Goebel
et al. [15]. On the other hand, at frequency values above this
range, we can see that for the unambiguous cases where the
IAT exists (ID > 60 A as demonstrated by Fig. 3) each power
spectrum has a characteristic shape, exhibiting a maximum
in the range 400–1000 kHz and decreasing with frequency at
lower and higher values. The cutoff of the IAT amplitude at
low frequency can be attributed to ion-neutral damping—the
growth rate changes sign when the wave frequency drops be-
low the ion neutral collision frequency [Eq. (8)]. The decrease
in amplitude at high frequency, on the other hand, cannot be
explained by the linear growth rate since this term indicates
the IAT amplitude should be larger with increasing frequency.
This departure from linear theory may be the result of nonlinear
saturation effects such as electron trapping [32], ion resonance
broadening [33,34], and nonlinear Landau damping [35,36].
All of these processes serve to transfer energy from higher
frequency modes to lower ones with the consequence that the
IAT spectrum exhibits an inverse dependence on frequency
at high values, φ2 ∝ ωη where η < 0. In support of this
conclusion, we show in Fig. 7(a) a sample log-log plot of
the power spectrum of the IAT where we have fit a line to the
drop-off in the spectrum that occurs after the peak. The slope
of this line is −2.8, which corresponds to a decrease in power
spectrum amplitude of ω−2.8. We similarly have examined the
decay of the power spectra for all of the flow rate conditions
and discharge current values where we could identify from the
Beall plot technique that the ion acoustic mode was present.
The slopes we found from this parametric investigation are
shown in Fig. 7(b) and range from η = −2 to −4. For
comparison, we plot the theoretically predicted exponents for
saturation due to electron trapping, η = −2.4 [32], and ion res-
onance broadening, η = −2.6 [34]. The close correspondence
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(a)

(b)

FIG. 5. (a) Phase velocity of the acoustic mode as a function
of discharge current at different mass flow rates. The IAT could
not be resolved at ṁ = 20 sccm, and the absence of points in the
ṁ = 15 sccm reflects our inability to detect the dispersion of the
mode for these current values. (b) The calculated sound speed cs at
the same conditions.

between these predictions and the measured slopes suggests
the associated saturation processes may in part be responsible
for the observed spectra. Nonlinear ion Landau damping, on
the other hand, appears to be less of a significant contributor
given its theoretically predicted exponent, η = −1 [35], is
outside the measured values. Regardless of the mechanism
driving the shape of the turbulent spectra, however, we can use
the characteristic decrease with frequency as a supplementary
metric for the presence of the IAT in the cathode plume. In
particular, even though the low frequency, nonpropagating
ionization oscillations make it difficult to distinguish the IAT
from the Beall plots at low current conditions, e.g., ID = 30 −
40 A, the characteristic decrease with frequency exhibited by
these power spectra suggests that the IAT is still present.

(a)

(b)

FIG. 6. (Color online) Power spectra for ṁ = 10 sccm as a func-
tion of increasing current. The top figure (a) illustrates the initial
emergence of the IAT while the bottom plot (b) shows the growth of
IAT with increasing current.

Keeping this metric in mind, we can see from Fig. 6 that
the amplitude of the IAT has a nonmonotonic dependence
on discharge current, exhibiting a minimum at ID = 50 A.
The reason for this trend is not immediately clear but may be
the result of changing electron drift influencing the growth
rate [Eq. (8)] or the dependence of nonlinear effects on
discharge current that are not included in our formulation.
These effects could include the aforementioned saturation
processes such as ion resonance broadening and electron
trapping, or it is possible there could be other effects at play
such as nonlinear interactions of the acoustic waves with other
modes concurrently excited in the plasma. Mendonca and
Bingham [37], for example, demonstrated that high frequency
electron turbulence can alter the effective dispersion relation
of ion acoustic waves. While fully examining these nonlinear
effects is beyond the scope of this investigation, we note
that determining the dependence of each of these nonlinear
effects on discharge current ultimately may shed light on
the nonmonotonic trend with current exhibited by the IAT.
With that said, it may not be necessary to invoke nonlinear
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(a)

(b)

FIG. 7. (Color online) (a) Natural log-log plot of the measured
power spectrum at ID = 100 A and ṁ = 10 sccm. The red line is a
best fit to the decay of the spectrum. (b) The slopes of the best fits
to the linear decay of the turbulent spectra as a function of discharge
current for three different flow rates. The dotted line with value −2.4
corresponds to the electron trapping theory for the saturated turbulent
spectrum while the solid line at −2.6 represents the ion-resonance
broadening theory for saturation.

processes to explain the dependence of the IAT amplitude on
flow rate. From the cases illustrated in Fig. 8, it is evident that
at fixed discharge current the amplitude of the power spectrum
monotonically decreases with flow rate. Since neutral density
increases with flow rate, this result suggests that enhanced
ion-neutral collisionality could result in the observed damping
of the spectrum.

Given the dependence of Eq. (12) on the turbulent ampli-
tude, we expect that the anomalous collision frequency will
exhibit similar dependence on flow rate and current as that
demonstrated by the IAT. In the next section, we use our
steady-state plasma parameters and our measurement of the
frequency dependence of the power spectra to determine these
trends.

(a)

(b)

FIG. 8. (Color online) Semilog plots of power spectra for fixed
currents and different flow rates: (a) ID = 80 A and (b) ID = 110 A.

C. Anomalous collision frequency

We show in Fig. 9(a) the anomalous collision frequency of
the IAT calculated from our measurements of the power spectra
and Eq. (12). It is apparent from this plot that for the cases
where we can resolve the IAT, the collision frequency exhibits
the same trends as the ones we outlined for the power spectrum
amplitude in the previous section. The collision frequency
depends nonmonotonically on discharge current but ultimately
increases with discharge current at high values. Similarly,
at high flow rates, the collision frequency decreases. This
correspondence is an unsurprising result given that Eq. (12)
depends on the amplitude of the power spectrum. In this
same vein, since electron resistivity is a function of collision
frequency, we can relate the trends we see in Fig. 9(a) to
the electron temperature results we discussed in Sec. IV A. In
particular, we pointed out that the growth of the anomalous
collision frequency in the cathode plume may explain the
increase in electron temperature with the discharge current
depicted in Fig. 2. The same trends exhibited by the anomalous
collisionality and electron temperature support this thesis.

In order to illustrate the relative importance of the anoma-
lous collision frequency compared to the classical effects that
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(a)

(b)

FIG. 9. (a) Anomalous collision frequency due to the IAT. (b)
Ratio of anomalous collision frequency to classical electron-ion col-
lision frequency based on measurements of the electron temperature
and density. Maximum error is ±30%.

occur in our cathode plasma, we show in Fig. 9(b) the ratio of
νAN to the calculated electron-ion collision frequency:

νei = 2.9 × 10−12n0T
−3/2
e

[
23 − 0.5 log

(
10−6n0

T 3
e

)]
, (20)

where n0 is the background density in units of m−3. From
this plot we can see that there are a number of operating
conditions—most notably high current to flow ratios—where
the anomalous collision term is dominant. This is the first
experimental evidence that not only are there nonclassical
effects in the plume but these effects can be larger (under the
right operating conditions) than classical terms. In turn, this
result directly supports the conclusions from previous attempts
to model the cathode plasma [1,16,24] where it was found that
the steady-state parameters of the cathode plume cannot be
explained by ordinary interspecies collisions.

V. DISCUSSION

We can summarize the results from our theoretical and
experimental work concerning the contribution of the IAT
to the anomalous collision frequency with the following
observations.

(1) The IAT exists in the hollow cathode plume.
(2) The IAT power spectrum is characterized by a maxi-

mum value of 400–1000 kHz and exhibits an inverse depen-
dence on frequency at high frequency values.

(3) The IAT amplitude at first decreases and then increases
with discharge current at fixed flow rate. It decreases with flow
rate at fixed discharge current.

(4) The experimentally measured anomalous collision
frequency exceeds classical frequencies for a number of oper-
ating conditions—most notably at high current to flow ratios.

These observations have a direct impact on our understand-
ing of the underlying physical processes in the hollow cathode
plume. In particular, there are a number of operating conditions
where the anomalous collision frequency from the IAT cannot
be ignored. Rather, this effect must be taken into consideration
if we want to successfully model the plasma parameters
such as potential, electron temperature, and density in the
cathode plume. Creating models capable of such high fidelity
is essential both for efforts to determine long-term cathode
behavior as well as attempts to realize new designs. These
capabilities will become increasingly important as the next
generation of electric propulsion missions calls for cathodes
with higher discharge currents.

VI. CONCLUSION

In this work, we have presented a parametric investigation
of ion acoustic turbulence in the plume of a 100-A LaB6

cathode. We have reviewed the theory for how IAT can lead
to the onset of anomalous collisions at the expense of the
electron drift in the hollow cathode discharge, and through a
series of probe-based investigations, we have implemented
an experimental setup in which we were able to detect
successfully the onset and growth of the IAT at high discharge
current. We furthermore have investigated the details of the
power spectra exhibited by these waves over a wide range
of discharge current and flow rate. Our findings suggest
the following mechanism for IAT onset: While the IAT is
driven unstable by electron drift, nonlinear processes lead to
a redistribution of the wave energy from high frequencies to
low values while ion collisional damping leads to cutoff of the
wave at low frequencies.

Through direct measurement, we have confirmed that the
anomalous collisionality from the IAT is dominant over clas-
sical processes over a wide range of operating conditions. By
identifying the IAT as a main contributor to the collisionality
in the hollow cathode plume, we thus have helped shed light
on a dominant, nonclassical process that is fundamental to
the operation of high current cathodes. The new insights and
increased confidence in model fidelity that stem from this work
will become increasingly important as the need for higher
current cathodes becomes more pressing.
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