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ABSTRACT

Ion saturation probes are used to characterize the
propagating modes in the plume of a hollow cath-
ode discharge. Coherent, low-frequency struc-
tures are shown to coexist with ion acoustic turbu-
lence. The measurements show that these waves
evolve in a manner that suggests that they origi-
nate from a localized disturbance in the plasma.
The large-scale fluctuations and ion acoustic tur-
bulence propagate towards the anode while a
quasi-periodic wave propagates towards the cath-
ode. The large amplitude structures are compared
with a fluid formulation of weakly nonlinear ion
acoustic solitons. The height-to-width ratio and
velocity of the detected soliton-like structures are
shown to be in good agreement with soliton theory.
However, a direct estimate of the width is four or-
ders of magnitude smaller than that measured by
the probes. This discrepancy is discussed in the
context of simplifications for ion soliton theory that
may not be applicable to this plasma. In addition to
these oscillations in density, the total energy den-
sity of the turbulent ion acoustic (IAT) modes has
been observed to fluctuate at the same frequency
as the oscillations in the plasma density. The tur-
bulent energy wave propagates in the plasma with
an evolving phase relationship with density oscilla-

tion. The shape of the IAT energy wave is similar
to the soliton-like density structures; the waveform
is also well described by a soliton profile. The es-
timated temporal width is equal that of the density
soliton, however the amplitude of the IAT energy
wave is about three times larger than the soliton.
This experimental evidence suggests that the lo-
cal disturbance generates IAT in the form of a wave
packet. In light of these measurements and analyt-
ical theory, the following physical picture emerges
from this study: a periodic, localized disturbance
is established in the cathode plume and deposits
energy into several modes including turbulent ion
acoustic wave packets, ion acoustic solitons and
quasi-periodic waves that propagate away from
this region.

1 INTRODUCTION

Hollow cathodes are electron current sources that
are commonly used in electric propulsion systems
to provide the discharge current or neutralize ion
beams. Despite decades of flight heritage, there
remain two poorly understood processes that can
play an important role in the transient operation
of a hollow cathode that are non-classical: ion
acoustic turbulence and coherent, low-frequency
plasma oscillations. To date, several studies have
focused on turbulent ion acoustic waves (IAT) that
are present in the hollow cathode plume.[1–3]
Through theory, experiments, and modeling, it has
been shown that this turbulence affects the steady
state electron resistivity in the cathode plume and
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is necessary to develop a self-consistent numer-
ical model of the cathode. The low-frequency
plasma oscillations, on the other hand, still lack a
physical understanding. These propagating struc-
tures occur in the range of 20-200 kHz, onset in
hollow cathode discharges at low flow rates and
high currents and generate large plasma potential
fluctuations.[4–7] These plasma oscillations are
often associated with the so-called hollow cathode
plume mode where the erosion rate of the keeper
increases by an order of magnitude. When these
oscillations are empirically included into numeri-
cal models, the erosion rates are in agreement
with experimental measurements.[8] Understand-
ing the nature of these oscillations can lead to a
more accurate prediction of the onset of this ero-
sive state and may eventually lead to its control
and mitigation.

Although the nature of these oscillations is un-
known, there have been a number of empirical
studies to characterize them. These studies have
showed that the large-amplitude waves exist in
the cathode plume, but not in the internal cath-
ode plasma, suggesting that the waves form and
grow solely in the plume.[9] Further investigation
has shown that these structures propagate near
the ion acoustic speed from the cathode towards
the anode.[10] In light of these known experimen-
tal properties, there are several theories in the lit-
erature proposing a physical mechanism behind
the onset of these low-frequency oscillations and
the cathode plume mode.[9, 11, 12] The most
common interpretation of the onset criterion is an
ionization-like predator-prey oscillation.[9, 13] In
this model, the electrons are the predators and the
neutrals are the prey. If the current is increased
sufficiently for a fixed mass flow rate, the electron
density and ionization fraction rise. Above some
threshold, electrons will ionize too many neutrals
and the ionization rate will begin to decrease be-
cause of the reduced neutral density. As a result,
the electron density will subsequently decrease.
Although this physical interpretation is common in
the literature, it has yet to be confirmed numeri-
cally, analytically, or experimentally. Indeed recent
studies have shown that the formation of these os-
cillations may be more nuanced than this simple
picture.

As a notable example, one recent numerical
model shows that including an equation allowing

the IAT wave energy to propagate can lead to large
plasma potential, density, and temperature fluctua-
tions in the plasma plume at low frequency.[12, 14]
These numerical results are similar to experimen-
tal measurements of these low-frequency plasma
oscillations.[9, 10] Through this numerical model
Sary et. al. have proposed the following mech-
anism for the instability: Assuming the electron
Mach number is sufficiently high to onset IAT,
the wave energy can grow and lead to electron
heating. The growth of the IAT quenches itself
through electron Landau damping and this re-
gion of high plasma density propagates out of
the cathode at the IAT group velocity. Experi-
mental measurements have shown that these low
frequency modes indeed propagate near the IAT
group velocity.[15] However, this evidence is insuf-
ficient to support this theory over the predator-prey
model. This is because ionization waves likely also
propagate near the ion sound or drift speed. Fur-
thermore, other numerical models that also include
the same effects from plasma turbulence do not re-
solve any large scale plasma oscillations.[3]

Despite this promising and on-going work, there
appear to be several points of contention in the lit-
erature as to the nature of this instability. What
is the energy source for the instability? Is a zero-
dimensional model sufficient or is there spatial de-
pendence? Is a linear analysis sufficient to de-
scribe its behavior? What is the onset criterion?
What drives the observed frequency and wave-
length? Is there an interaction between this mode
and the IAT? Given these outstanding questions
and conflicting interpretation surrounding the na-
ture of this mode, there is an apparent need for
further experimental measurements and theoreti-
cal understanding of these low frequency oscilla-
tions. In this article, we begin with an experimen-
tal investigation into the modes. We then interpret
these results through some analytical theory. This
lends itself to a physical picture for the propagation
of these low frequency structures.

2 EXPERIMENTAL AND ANALYSIS TECH-
NIQUES

To answer some of these outstanding questions,
we measure the spatial variation of the propaga-
tion characteristics of the instabilities in the cath-

2



ode plume. Additionally we identify the relation-
ship, if any, between the IAT and the observed low-
frequency structures. To this end we first describe
the experimental apparatus including the facility,
cathode, and probes. This is followed by a dis-
cussion of the techniques used in our analysis.

2.1 Apparatus

The experiments were conducted in NASA Glenn
Research Center’s (GRC) Vacuum Facility-56,
which is 3 ft in diameter and 4 ft long. The facility is
pumped by an cryogenic pump and achieves base
pressures of 0.1 µTorr. The pressure was moni-
tored using an ionization gauge. The pressure in
the facility was between 40 − 60 µTorr-Xe during
operation.

The BaO hollow cathode used for this experi-
ment was designed for a nominal operating current
of 20 A and was operated using 99.999% Xe gas.
The propellant flow to the cathode was varied from
10 to 14 sccm. Only the condition at 10 sccm was
in plume mode, with large low-frequency oscilla-
tions. A discharge filter was used to prevent inter-
actions between the power supply and the plasma.
The current to the cathode was controlled to 23
A during the experiment. The discharge anode
was mounted at a distance of 38 mm from the
keeper face. This anode was made of tungsten
with a water-cooled copper solenoid, though this
solenoid was not in use during this experiment.
The discharge parameters were recorded using
the facility’s data acquisition and control system.

Figure 1: Experimental setup for probe measure-
ments of low frequency plasma waves in a hol-
low cathode discharge. The setup is viewed from
above.

Fluctuations in the ion saturation current were

measured using two Langmuir probes, approxi-
mately 2 mm in length and 0.5 mm in diameter
and spaced by 5 mm. The Langmuir probe was
biased to −30 V to measure the ion saturation cur-
rent. The probes were moved axially between the
cathode and the anode by a linear motion stage.
The ion saturation current was measured using
an oscilloscope acquiring at 10 MHz at positions
between the anode and the cathode in 1 mm in-
crements. The experimental setup is illustrated in
Fig. 1.

2.2 Analysis Techniques

From cylindrical Langmuir probe theory, the cur-
rent collected by an ion saturation probe is

isat = 0.61qAp

√
Te

mi
n, (1)

where q is the unit charge, Ap is the probe area, Te

is the electron temperature, mi is the ion mass, and
n is the plasma density. If we assume that temper-
ature fluctuations are slow compared to those in
density, then the relationship

δ isat

īsat
=

δn
n0

, (2)

is the is established. In Eqn. 2, δ isat and δn are the
fluctuations in ion saturation current and plasma
density, respectively and īsat and n0 are the steady
state ion saturation current and plasma density.
This relationship is used to determine the relative
fluctuation in the plasma density.

We primarily use two techniques to interpret the
experimental measurements of these plasma den-
sity fluctuations. To understand how the modes in
the cathode plume evolve in time, we use a con-
tinuous wavelet transform for time-frequency anal-
ysis of the ion current fluctuations [16]. The con-
tinuous wavelet transform is defined as

χ(ω, τ) =
√

ω

∫ ∞
−∞

x(t)ψ̄ (ω (t − τ)) dt , (3)

where χ(ω, τ) is the amplitude of the wavelet at
time τ with frequency ω and ψ̄(t) is the wavelet
function. Typically wavelets are of the form ψ̄(t) =
w(t)eit , where w(t) describes the temporal extent
of wavelet. We have have used a generalized
Morse wavelet in our analysis.[17] Additionally, we
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use the measured signals to estimate the disper-
sion of the plasma, D(ω, k) = 0, with the Beall
technique.[18] With this technique, we can identify
the modes in the plasma as well as their propa-
gation characteristics. Of particular interest is the
phase velocity, which is calculated as

vph =
ω

k
, (4)

where ω is the frequency and k is the wavenum-
ber of the dominant mode in the plasma. Here, k
indicates the direction of propagation of a mode.
When k < 0, the mode propagates towards the
cathode while k > 0 is propagation towards the
anode.

3 RESULTS

We discuss in this section the results from our
analysis of the fluctuations in the cathode plasma.
We first examine the transient behavior of the
modes in the plasma using wavelet analysis and
then identify them by estimating the dispersion.
Next, we study the spatial structure of the propa-
gating modes. These results are then compared to
analytical theory. Since flow rates above 10 sccm
did not exhibit the low-frequency waves we are in-
terested in understanding, we focus our analysis
on the 10 sccm condition. By reducing the flow rate
from 12 sccm to 10 sccm, the low-frequency struc-
tures appeared in the discharge and the plume
mode onset.

3.1 Wavelet Analysis and Dispersion Rela-
tions

Figure 2 shows the result of the wavelet analysis
of the ion saturation probe signal. As has been
reported before, we observe two modes, a low
frequency oscillation near 40 kHz and higher fre-
quency oscillations at frequencies above 200 kHz.
Figure 2 indicates that while the amplitude of the
low-frequency oscillations is time invariant, the
higher frequency modes are not. In fact, the high
frequency modes manifest themselves as periodic
bursts rather than consistent oscillations. Not only
does the amplitude of the high frequency modes
oscillate, but its frequency is equal to that of the
low-frequency oscillation. This transient behavior

is consistent with the description provided by Sary
et. al, where high frequency acoustic waves grow
and saturate in the cathode plume leading to low
frequency density fluctuations.

Figure 2: A representative example of the output
of the wavelet analysis. The color axis is χ(ω, τ)
from Eqn. 5. The amplitude of the modes above
200 kHz fluctuates in time at about 40 kHz.

Now, we can identify the modes in the plasma
by estimating the dispersion using the Beall tech-
nique. Figure 3 shows the oscillation frequency
against the wavevector. The intensity is propor-
tional to the amplitude of the wave at that fre-
quency wavelength. All together, this plot shows
the amplitude of the modes that propagate in the
plasma. Figure 3 shows the dispersion at three
positions in the cathode plume. We find that the
low frequency modes that are traditionally associ-
ated with predator-prey ionization waves have well
defined wavelengths and frequencies. The higher
frequency waves exist in a broad range of wave-
lengths and frequencies and have been observed
before by Jorns et. al..[1] Our novel observation
is that their amplitude appears to be fluctuating in
time.

Furthermore, Figs. 3a-3c, indicate that the domi-
nant modes change with location in the discharge.
Figure 3a shows the dispersion at z = 1 mm. At
this location we observe a 40 kHz oscillation that is
propagating towards the cathode, k < 0 as well as
some turbulent ion acoustic modes that also ap-
pear to propagate backwards. Figure 3b shows
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(a) The measured dispersion rela-
tion as at z = 1 mm. Here we
observe a wave that propagates to-
wards the cathode.

(b) The measured dispersion rela-
tion as at z = 10 mm. At this posi-
tion k = 0, implying that the plasma
between the probes is oscillating in
phase.

(c) The measured dispersion rela-
tion as at z = 21 mm. Two coher-
ent modes are present in the plasma
as well as the wave propagating to-
wards the cathode.

Figure 3: Dispersion measurements at various positions in the cathode plume. Figures are saturated
to show detail.

Table 1: calculated phase velocities of the mea-
sured dispersion relations in Fig. 3.

z [mm] vph [m/s]
1 −2400

10 −
21 −2300, 2300, 2600

the dispersion at z = 10 mm. At this position, the
wavevector of the 40 kHz oscillation has shifted to
k = 0. This implies that the plasma between the
two probes is oscillating in phase. Additionally,
there exist some turbulent ion acoustic modes in
the plasma. These modes are of relatively small
amplitude compared to the low-frequency wave.
Figure 3c show the measured dispersion at z =
21 mm. Here, we observe several modes in the
plasma. First, there exist two coherent modes that
propagate towards the anode. These modes ap-
pear to travel at slightly different phase velocities.
Second, a wave that propagates towards the cath-
ode reappears.

The wavelet analysis and the measured disper-
sion relations suggest the following physical pic-
ture. The amplitude of the ion acoustic like modes
are oscillating in time at a frequency equal to that
of the low-frequency mode. The region where
k ' 0 can be interpreted as a point source for the
instability. Figures 3a-3c suggest that the waves

originate from a point source and propagate away.
We further explore this hypothesis in the follow-
ing section by examining the spatial propagation
of these modes.

3.2 Spatial Structure of Propagating Modes

Now that we have established the coexistence of
the coherent, low-frequency modes and IAT, we
will more closely examine the spatial dependence
of these modes. The signal captured by the oscil-
loscope is clouded in noise. To better observe the
low-frequency propagating structures in both the
plasma density and in the IAT, we must average
the signal from the ion saturation probe. Below,
we discuss the averaging technique used in our
analysis and present the results.

Figure 4 shows the continuous wavelet trans-
form of the signal captured from the ion saturation
probes at two points in time, separated by about
2.5 µs. The amplitude of the IAT modes changes
in time while the amplitude of the low-frequency
modes is time invariant. In our analysis, we find
that the low-frequency modes oscillate at frequen-
cies below 200 kHz. To discriminate between the
low-frequency modes and the IAT modes, we use
a cut-off frequency of 200 kHz in our analysis of
the IAT.

We can estimate the total energy density in the
IAT as a function of time by integrating from the
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Figure 4: Comparison of the frequency spectra re-
sulting from the wavelet analysis at different times
within a cycle. The amplitude of the IAT-like modes
changes in time, while the coherent modes do not.
The vertical line denotes the 200 kHz cutoff for the
IAT-like modes.

cut-off frequency, ω1, to the highest frequency in
the measured spectrum, ω2,

W (τ) ∝
∫ ω2

ω1

χ
2(ω, τ)dω . (5)

From Eqn. 5, we can calculate the relative fluctu-
ation in wave energy density, δW/W0 as a function
of time. A representative output of this calculation
is shown in Fig. 5. Using the maxima of the IAT
wave energy (max (δW/W0)) as a trigger, shown
in Fig. 5, we then compute a triggered average
of the wave energy density showing a few cycles.
The average the plasma density fluctuation is cal-
culated using the peaks in Fig. 5 as a trigger and
averaging the raw measurement from the ion sat-
uration probe, showing a few cycles of oscillation.
We compute these averages at all positions in the
plume. Note that the resulting waveforms are not
correlated in time.

Figure 6 shows the results of the triggered av-
erage analysis. We observe clear coherent struc-
tures forming in both the plasma density and IAT
wave energy density. Figure 6a shows two cycles

Figure 5: Relative fluctuations in wave energy den-
sity. The peaks in this trace are used to trigger the
average.

of the oscillation at z = 1 mm. A quasi-sinusoidal
oscillation in the plasma density is observed, while
the fluctuation in the wave energy density is peri-
odic but nonlinear. The frequency of oscillation for
both the ion and wave energy densities is 40 kHz.
Figure 6b shows the same fluctuations at 15 mm.
At this position, two coherent density structures
begin to form. The IAT wave energy density fluctu-
ation has decreased, however its shape does not
qualitatively change like the density. Lastly, Fig. 6c
shows these oscillations at z = 21 mm. At this lo-
cation the coherent structures are now distinct and
the IAT perturbation continues to retain its shape.
The period of fluctuation in the IAT wave energy
density is exactly that of the low-frequency waves.
Furthermore, there is a developing phase relation-
ship between the IAT energy and the plasma den-
sity fluctuation that changes as a function of posi-
tion. Near the cathode, the IAT energy leads the
density fluctuation. Downstream, the density fluc-
tuation leads the IAT energy.

The evidence in Figs. 3 and 6 both help cre-
ate the physical picture that a point source in the
plume generates structures in both the plasma
density and IAT wave energy that propagate away
from that location. The structures that propagate
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(a) Quasi-sinusoidal plasma density
and IAT wave energy density waves
are observed at z = 1 mm. The fre-
quency of oscillation is 40 kHz.

(b) Two coherent density structures
begin to separate and propagate at
z = 15 mm. The IAT wave energy
density continues to oscillate quasi-
sinusoidally with a reduced ampli-
tude.

(c) Two coherent structures are prop-
agating at z = 21 mm. The IAT
wave energy density continues to os-
cillate quasi-sinusoidally with a re-
duced amplitude.

Figure 6: Two cycles of the waveform captured by the ion saturation probe at three locations in the
cathode plume. The cathode was at the 23 A, 10 sccm condition. Note, each position is measured at a
different time. The measurements at each position are not correlated in time.

towards the anode appear to break up into distinct
perturbations, while those that propagate towards
the cathode remain quasi-periodic. The coexis-
tence of low-frequency coherent modes with tur-
bulent acoustic modes has been observed in the
literature and is discussed further in the following
section. [19]

4 DISCUSSION

To interpret these trends, we note that previous
studies have shown that similar types of coher-
ent structures propagating concurrently with IAT
energy. In these works, the large scale oscilla-
tions are termed “solitons."[19] Ion acoustic soli-
tons are nonlinear and coherent plasma struc-
tures that qualitatively share many properties with
the low-frequency fluctuations we have measured
in the cathode plume. Solitons propagate in a
plasma near the ion acoustic speed, they are co-
herent, and can be periodically excited.[20] In this
section, we first review the relevant theory of ion
acoustic solitons. We then interpret our experi-
mental measurements through the lens of this an-
alytical theory.

4.1 Theory for Low-Frequency Modes

In a departure with previous linear perturbation
analyses of the cathode plume [13, 15], we pro-
pose that the generation of ion acoustic solitons
may be the source of coherent, low-frequency
oscillations. Ion acoustic solitons are coherent
plasma oscillations born out of a balance between
the nonlinearity of convection and wave disper-
sion. These waves have been studied exten-
sively both experimentally and theoretically since
the 1960’s in double plasma devices.[21–24] Fur-
thermore, solitons are known to exist in a dynamic
equilibrium with ion acoustic turbulence, which has
been measured in the cathode plume.

The waveform for solitons can be derived from
the fluid equations for ions and electrons and Pois-
son’s equation. In the ion frame of reference, the
ion continuity and momentum equations are

∂ni

∂ t
+

∂niui

∂x
= 0 , (6)

∂ui

∂ t
+ ui

∂ui

∂x
= −∂Φ

∂x
. (7)

Here, we have neglected ionization and assumed
the ions are cold. For the electrons, we assume
that the electron mass is negligible such that the
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electron momentum equation is simplified to:

ne
∂Φ

∂x
+

∂ne

∂x
= 0 , (8)

and Poisson’s equation is simply:

∂ 2Φ

∂x2
= ni − ne . (9)

In Eqns. 6 - 9, ni(e), ui, Φ are the ion (electron)
density, velocity and electric potential, respectively.
The densities are normalized by their steady state
quantities, the velocities by the ion sound speed,
cs =

√
qTe/mi, the length by the Debye length and

the potential by the electron temperature. Follow-
ing the procedure of Washimi and Tanuiti [21], it
can be shown that the fluctuation in electron den-
sity is given by [21, 22, 25]

∂n(1)e

∂τ
+ n(1)e

∂n(1)e

∂ξ
+

1

2

∂ 3n(1)
e

∂ξ 3
= 0 . (10)

This is the well known Korteweg De-Vries equation
for ion acoustic waves.[26] From Eqn. 10, we see
that the rate of change of the density is balanced
between the nonlinearity of convection (the sec-
ond term) and dispersion (third term). The station-
ary solution to this problem is the so-called solitary
wave, or soliton, and is given by

n(x, t) = δn sech2

(
x− u t

D

)
, (11)

where we have dropped n(1)e in favor of n. In this
equation, δn is the amplitude of the soliton, u is the
soliton speed, and D is its width. The following re-
lationships between δn and the other parameters
are (

D
λD

)2

= 6
n0

δn
, (12)

u = cs

(
1 +

1

3

δn
n0

)
, (13)

where n0 is the steady state plasma density. From
Eqns. 12 and 13, we find that as the amplitude
of the wave increases, the width decreases and
the speed of propagation increases. Conducting a
Galilean transform to the laboratory frame, we find
that Eqn. 13 becomes

u = cs

(
1 +

1

3

δn
n0

)
+ ui , (14)

where ui is the ion drift velocity. This theory, is in
agreement with our current understanding of the
low-frequency modes in the cathode plume. It is
coherent, and propagates near the ion acoustic
speed. If supported by experiment, this analyti-
cal theory allows us to answer some key questions
about mode including the propagating characteris-
tics, spatial dependence of the structure, and the
sufficiency of a zero-dimensional model and of a
linear analysis. The following is a comparison of
this analytical theory with the experimental results
provided in Sec. 3

4.2 Comparison of Experimental Results to
Analytical Theory

Taking a closer look at z = 21 mm, we have curve
fit the density fluctuation using Eqn. 11 with δn/n0
and τ = (D/u) as free fit parameters; where we
have interpreted each peak in the time series as
an individual soliton. Figure 7 shows the result of
the curve fit over three cycles of oscillation. We
find good qualitative agreement between the ex-
perimental measurements and Eqn. 11. The av-
erage height and width of the three structures in
our waveform are shown in Table 2. We simi-
larly estimate the phase velocity of each soliton
at z = 21 mm by identifying them as the coher-
ent structures in the dispersion measurements of
Fig. 3c. These estimates are also shown in Ta-
ble 2.

Table 2: The average amplitude, δn, and temporal
width, τ, of the waveform as found by a curve fit
of the data at z = 21 [mm] to Eqn. 11. The phase
velocity, u, is found from the estimated dispersion.

Soliton δn/n0 τ [µs] u [m/s]
1 0.27± 0.01 5.8± 0.1 2600± 700

2 0.143± 0.004 5.0± 0.9 2300± 600

Without measurements of the electron temper-
ature and the plasma density, we cannot conduct
an absolute comparison of these fit parameters to
the theory (Eqn. 11); however we can compare
the ratio of average height-to-width under the as-
sumption that the waveform consists of two soli-
tons. Manipulating Eqn. 12 we see that for two
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Table 3: Comparison of the speed and width of the soliton to those predicted by the theory and mea-
sured amplitude for solitons 1 and 2.

D1
D2

u1 [m/s] u2 [m/s] D1 [µm] D2 [µm]
Predicted 0.73± 0.2 2650± 700 2570± 700 20± 5 27± 6

Measured 1.3± 0.6 2600± 700 2300± 600 15000± 3000 12000± 2400

Figure 7: Three cycles of the ion density fluctua-
tion, in blue, at z = 21 mm are shown. The curve fit
using Eqn. 11 is in black. The wave energy density
fluctuation is in red.

solitons

D1

D2
=

τ1u1
τ2u2

=

√
δn2

δn1
. (15)

Using the results from Table 2 we find that, within
the uncertainty of the experiment, the width-to-
amplitude ratio of the measured waves in the cath-
ode plume is in agreement with soliton theory. The
results of this calculation is shown in Table 3. The
uncertainty is primarily driven by our technique for
determining the wave speed, which we have deter-
mined from the HWHM of the dispersion amplitude
along the k axis of the Fig. 3c. As further evidence
that these structures may be described as solitons,
we can compare the inferred phase velocities for
the soliton-like structures to the result of Eqn. 14.
From the literature[1], we know that ion acoustic
waves with a group velocity of vg = ui + cs. This

relationship allows us to rewrite Eqn. 14 as

u = vg + cs

(
1

3

δn
n0

)
. (16)

To calculate the right hand side of this equation,
we need estimates of the IAT group velocity and
the ion sound speed. We can estimate the IAT
group velocity by curve fitting the dispersion above
200 kHz. The measured IAT group velocity is
2500 ± 700 m/s. If we assume the electron tem-
perature as 3 eV (typical for most cathodes), we
find cs ' 1500 m/s. Table 3 shows the results of
this calculation. We find that the theoretical results
are within uncertainty of the measured phase ve-
locities for solitons 1 and 2. The uncertainty in vg,
however, is large compared to cs

(
1
3

δn
n0

)
.

Although certain key features seem in line with
soliton theory, there is at least one feature in stark
disagreement. We can also test Eqn. 12 directly
by assuming that a steady state plasma density
of n0 = 10−19 m−3.[1] Now the Debye length of
the plasma is known and D can be calculated, in
terms of the soliton amplitude. The result of this
calculation for solitons 1 and 2 is shown in Table 3.
The observed widths are calculated from the fit re-
sults in Table 2 and are also shown in Table 3. The
structures we observe are D ∼ 10, 000 λD, where
as the solitons predicted by the theory and ob-
served in the literature are D ∼ 10 λD. The reason
for this discrepancy is not known and in part works
against our interpretation of these structures as
solitons. There could be a few potential explana-
tions. A possible reason for this discrepancy be-
tween theory and experiment could be related to
the relaxation time of the perturbation to a soli-
ton waveform. An initial disturbance of arbitrary
form can relax to the soliton state. It is possible
that in our measurements the initial perturbation is
broader than a soliton and there has been insuffi-
cient time for the waveform to have completely re-
laxed to the soliton state, resulting in a wider struc-
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ture. Another possibility is related to the simplifying
assumptions. For example, ionization was not con-
sidered in the theoretical development but could be
altering the density profile on similar timescales as
the fluctuations in the plasma. Although the width
of the structure is underestimated by a soliton de-
scription, the theory is still able to capture many of
the properties of these low-frequency oscillations.

Having discussed the density perturbations, we
now pivot our discussion to the IAT wave energy
density fluctuations. The total energy in the turbu-
lent modes fluctuates in time with its own soliton-
like structure, shown in Figs. 6a-6c. Similarly curve
fitting the averaged waveform in Fig. 7 to Eqn. 11,
we find the temporal width τ = 6.3 ± 0.2 µs and
an amplitude of δW/W0 = 1.08 ± 0.02. The width
of the IAT energy oscillation is similar to that of
soliton 1, while its amplitude is three times larger
than the density perturbation (noting the different
scales in Fig. 7). As was observed in Figs. 6a-
6c these bursts of turbulent energy propagate with
a developing phase relationship with the density
pertrubation. In the literature similar characteris-
tics have been observed when locally exciting a
plasma. When the plasma is perturbed, IAT is gen-
erated as a wave packet and it propagates away
from the source.[27, 28] It is possible that this pro-
cess occurs in the cathode plume.

5 PHYSICAL SIGNIFICANCE

In light of the results presented above, we return
to the outstanding questions about the coherent
structures in cathode plumes outlined Sec. 1:

1. Is a linear analysis sufficient? The weakly-
nonlinear theory for solitary waves is shown
to be in relatively good agreement with exper-
iment (with some exceptions), indicating that
a linear theory may be insufficient to describe
the evolution of the mode.

2. Is a zero-dimensional model sufficient or is
there spatial dependence? The waveforms
and dispersion are both changing spatially
and appear to indicate that there is a local-
ized “source" of the instability. Periodic im-
pulses disperse energy to several types of
waves that propagate away from this location

in the plume. This type of behavior cannot be
captured by a zero-dimensional model.

3. Is there an interaction between this mode and
the IAT? We have observed an oscillation in
the IAT wave energy density that appears to
propagate away from the “source" and has the
same period as the density fluctuation. IAT
energy density fluctuations are clearly corre-
lated, however these measurements do not
necessarily indicate that they are related to
the generation of the low-frequency waves.

Our theory and measurements create a physi-
cal picture where a localized and periodic distur-
bance in the plasma generates the instabilities.
The energy in this “source" region is dispersed into
several modes: IAT and coherent low-frequency
structures that propagate towards the anode and a
quasi-periodic wave propagating towards the cath-
ode. The IAT is generated periodically similar to a
wave packet. The low-frequency, anode propagat-
ing structures are, for the most part, well described
by soliton theory. The wave that propagates to the
cathode could contribute to the enhanced erosion
observed when the cathode is operating in plume
mode. This new understanding of how the mode
evolves will lead to future experimental and theo-
retical investigations into the origin of these waves.

6 CONCLUSIONS

Ion saturation probes have been used to mea-
sure the spatial dependence of waves present in
a hollow cathode operating in the plume mode.
These measurements indicate that localized, pe-
riodic impulses near the cathode are the source of
the instabilities in the plasma. The energy in the
“source" region disperses into IAT and coherent,
low-frequency waves that propagate towards the
anode as well as a quasi-periodic wave that prop-
agates towards the cathode. The low-frequency
anode propagating modes are interpreted with a
weakly nonlinear formulation of ion acoustic soli-
tons. The measured height-to-width ratio and ve-
locity of the wave are in good agreement with the
theory, however observed width is four orders of
magnitude larger than predicted. In addition to
these density perturbations, we have measured an
oscillation in the total IAT energy through wavelet
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analysis and averaging. The total energy of these
turbulent modes fluctuates in time with an evolv-
ing phase relationship with the low-frequency den-
sity perturbations. The IAT appears to be gener-
ated and propagate like a wave packet in the cath-
ode plume. This collection of new experimental
evidence has created a new picture for the evo-
lution of the waves associated with the cathode
plume mode, where plasma instabilities are gen-
erated from a localized source in the plume.
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