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The study and control of resonant instabilities in magnetized plasmas is of fundamental
interest over a wide range of applications from industrially relevant plasmas to plasma
sources for spacecraft propulsion. In this work electrostatic probes were employed to
measure a 4-20 kHz instability in the ion saturation current downstream of an electric
double layer (DL) in an expanding helicon plasma source. The amplitude and frequency of
the instability were found to vary in inverse proportion to the operating argon gas pressure
(0.2-0.6 mTorr) and in direct proportion to the applied rf power (100-600 W) and applied
solenoid current (3-8 A). A spatially resolved characterization of the maximum instability
amplitude determined two radial maxima, corresponding to the locations of most positive
radial ion density gradient. Control and inhibition of the instability were achieved through
the application of a kHz voltage amplitude modulation to the 13.56 MHz radio-frequency
(rf) power supplied to the helicon antenna. Through the application of voltage amplitude
modulations in the frequency range 2-12 kHz the instability was reduced by up to
65%, exhibiting a greater reduction at higher applied modulation frequencies. This effect
is described through a variation in the radial ion density gradient via asymmetrically
attenuated ion acoustic density perturbations induced by the applied voltage modulation.
The application of voltage amplitude modulations has been demonstrated as a potential
control mechanism for density gradient driven instabilities in magnetized plasmas.

Keywords: helicon, magnetized plasmas, double-layer, ion-acoustic instability, radio-frequency

1. INTRODUCTION

Electromagnetic propulsion devices present a growing alternative to chemical propulsion sources
as they are capable of providing higher specific impulses and employ less volatile propellants [1-4].
Within this catagory, radio-frequency (rf), electrodeless plasma thrusters are of particular interest
as they could provide extended operational lifetimes as compared to more commonly employed
Hall and gridded ion thrusters. The Helicon Double Layer Thruster (HDLT) is an example of a rf,
electrodeless, neutraliser-free plasma thruster and employs a current-free double layer (CFDL) to
accelerate an ion beam to velocities beyond the local ion sound speed, producing variable thrust in
the mN range [5-9].
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Over the last two decades, a number of expanding plasma
devices have been used to explore the physics of low
pressure plasmas flowing through diverging magnetic nozzles
for conditions relevant to HDLT-type thrusters. These devices
typically consist of a rf plasma source surrounded by a set of
solenoids and contiguously attached to a larger radius expansion
chamber. Much of the previous work conducted in these
devices has focused on characterizing the axial DL [9-13] and
subsequent ion beam [14-16] as well as a region of high density
plasma located off-axis in the expansion chamber known as the
high-density conics [17-22]. The conics are ionized locally by
hot electron populations, which stream along the most radial
magnetic field lines to escape the source region, and result in
a hollow radial plasma density profile in the expansion region.
The downstream region of these expanding plasma devices can
therefore be described by an axial supersonic ion beam radially
surrounded by the stationary high density conics.

Strong gradients in magnetic field strength, plasma potential,
density, and electron temperature are inherent to the expanding
plasma devices in which DLs, ion beams and conics have been
observed [23, 24]. Ion acoustic instabilities generated by strong
gradients in these plasma properties have been the subject of
investigation for many years [25-28], and extensive work has
been preformed on density gradient driven, kHz range, drift
wave instabilities in helicon sources [29-34] and turbulent or
anomalous transport in other types of electric propulsion devices,
e.g., spoke instabilities in Hall thrusters [35-37].

In an experimental study on the HDLT, Aanesland et al.
showed the presence of a 10-20 kHz upstream ionization
instability in the source region of the Chi Kung reactor at
the Australian National University (ANU) and investigated its
source [38, 39]. The authors of that study theorized that the
instability was an ionization instability caused by an energetic
electron population accelerated into the plasma source from
the expansion region by the CFDL. However, measurements of
the axial upstream Electron energy probability function (EEPF)
taken by Takahashi et al. in the same reactor did not show the
presence of an accelerated electron beam in the source region
[40]. The source of the instability presented in the previous
work is yet to be fully understood and further investigation is
necessary to understand the particle dynamics in these expanding
plasma devices.

In this work, an instability found at similar frequencies to
that presented in the previous work by Aanesland et al. is
detected in the downstream region of the Chi Kung reactor.
Control of the instability is achieved via the application of
variable frequency voltage amplitude modulations to the rf
power supplied to the rf antenna surrounding the source region.
Here, ion acoustic waves, i.e., ion density perturbations, are
employed to control and reduce the instability via modification
of the radial ion density gradient. An overview of the Chi-Kung
reactor and the electrostatic diagnostics employed is given in
section 2. The instability amplitude and frequency are spatially
characterized in section 3, revealing the apparent source of the
instability and the dependence on operating pressure, applied
rf antenna power and solenoid current. The voltage amplitude
modulation technique is detailed in section 4.1 and control of

the instability is demonstrated for varying voltage amplitude
modulation frequencies in section 4.2 including a mathematical
description of the proposed control mechanism.

2. DESCRIPTION OF THE EXPERIMENTAL
SETUP

The measurements presented in this study were taken in the Chi-
Kung helicon plasma reactor, shown in Figure 1. The operation
of Chi Kung is described in detail in Charles and Boswell [8] and
is briefly outlined here for completeness. The Chi Kung plasma
reactor source chamber consists of a 31 cm long, 0.65 cm thick,
13.7 cm inner diameter cylindrical Pyrex tube, contiguously
connected to a 30 cm long, 32 cm inner diameter grounded
aluminum expansion chamber. The axial coordinate system Z
is zeroed at the interface between the source chamber and
the expansion region, as shown in Figure 1. To compare with
previous measurements of the instability in Aanesland et al. [39],
an insulating glass plate is positioned on the upstream side
of the source chamber, illustrated in Figure 1 by a light blue
section at Z = —31 cm. The presence of an insulating backplate
ensures that all walls in the source region are floating, enforcing
an insulated boundary condition upstream [41, 42] leading
to enhanced electron fluxes downstream. A pumping system
consisting of a turbomolecular and rotary pump is used to
maintain a base chamber pressure of 5 x 107% Torr. Argon gas
is introduced into the system through a vacuum feedthrough at
Z = —31 cm and is regulated using a mass flow controller.
Experiments in this study are conducted at operating argon gas
pressures between 0.2 and 0.6 mTorr, as measured by an MDC
P/N 432025 pressure gauge. Two solenoids in a Helmholtz pair

configuration, positioned at Z = -28.6 cm, and Z = -9 cm,
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FIGURE 1 | Schematic of the Chi Kung reactor showing the locations of the
solenoids, RF antenna, gas inlet, insulating glass plate in the source region and
diagnostic probes. The magnetic field lines generated by the solenoids are
pictured as blue lines. The Langmuir probe (LP) and retarding field energy
analyzer (RFEA) possessed an axial range of —20 < Z < 30 cm and a radial
range of —14 < R < 14cm.
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provide a near-parallel magnetic field in the source region and a
diverging magnetic field in the downstream expansion chamber.
A 3-8 A DC current is supplied to both solenoids, resulting in an
on-axis magnetic field strength of between ~48 and 193 G. Power
is coupled to the plasma at 13.56 MHz through an 18 cm long
double saddle antenna, centered on Z = —20 cm, and supplied by
an ENI OEM-25, 3 kW solid state power supply via an impedance
matching network.

A Langmuir probe (LP) was used to measure the ion
saturation current (probe biased to -67 V) downstream of
the double layer, located just upstream of the source aperture
between -9 and 0 cm. The probe consisted of a one-sided 1.5 mm
radius nickel disk installed at the end of a 5 cm long piece of
alumina tube, itself fixed to a grounded probe shaft. The probe
was free to move both axially and radially without breaking
vacuum, allowing for an axial range of =20 < Z < 30cmanda
radial range of —14 < R < 14 cm. lon saturation currents were
acquired and fast Fourier transformed by a National Instruments
NI PXI-5122 high-speed digitizer (100 MHz sampling rate), prior
to further analysis.

Ion densities downstream of the double layer were obtained
employing a retarding field energy analyser (RFEA) operating
in ion collection mode. The RFEA follows a design published
previously in Charles and Boswell [8] and consists of a stack of
biased nickel grids positioned in front of a nickel collector plate.
The grids act as a directional energy filter for ions accelerated
by the grounded sheath surrounding the RFEA and entering the
probe orifice. In ion mode operation, the RFEA repeller grid is
aligned perpendicular to the ion beam and biased to -80 V and
the applied discriminator voltage V; is scanned between 0 and
80 V. Those ions with sufficient kinetic energy to overcome the
potential barrier provided by the discriminator grid are measured
as an integrated ion current at the collecting electrode, I.(V).

As V; is swept from 0 to 80 V, the increasing potential barrier
between the discriminator grid and the collecting plate results
in a decrease in the current incident upon the collector plate.
Eventually, V; becomes too large and no ions are detected at
the collecting electrode. The total stationary ion current can then
be extracted by applying a Gaussian fit to the first derivative of
RFEA I-V trace, and converted into the stationary ion density
via comparison to the stationary ion current measured via a
Langmuir probe, as performed and described in Bennet et al. [22].

3. IDENTIFICATION AND
CHARACTERIZATION OF A kHz
INSTABILITY

An instability in the ion saturation current has been observed
in the expansion chamber of the Chi Kung reactor under
conditions known to support an ion beam [21]. A representative
example of the instability measured in a 13.56 MHz, 300 W,
0.25 mTorr argon discharge is shown in Figure 2A, indicating
the maximum amplitude £ and central frequency vg. The radial
distribution in the maximum instability amplitude and the radial
i

ion density gradient ‘;—R are shown in Figure 2B, as measured

downstream of the DL (Z = 2 cm) for the same operating
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FIGURE 2 | Representative examples of (A) the fourier transformed ion
saturation current measured off-axis (R, Z = -6 cm, 2 cm) downstream of the
DL, exhibiting an anomalous instability centered on v = 13.4 kHz with a
2 kHz FWHM bandwidth and (B) the radial distribution (at Z = 2 cm) in the
maximum instability amplitude &, the ion density n; and the radial ion density
gradient %. Solid lines added to guide the eye. Operating conditions: helicon
antenna supplied Py = 300 W at vy = 13.56 MHz employing 0.25-0.30 mTorr
argon with /1 » = 6 A solenoid current.

conditions. Ion density measurements were obtained between
0 < R < 10cm employing identical conditions for a 0.30 mTorr
operating pressure.

The instability shown in Figure 2A represents an ion acoustic
wave at Vg = 13.4 kHz propagating downstream of the DL (R,
Z = -6 cm, 2 cm). Notably, this frequency does not correspond
to any harmonic or alias of the driving 13.56 MHz frequency
nor to the ion cyclotron resonance frequency, instead arising
from anomalous periodic interactions within the plasma. The
relative amplitude and frequency range of the instability agree
with previously measured anomalous signals observed under
similar operating conditions, presented in Aanesland et al. [39].

The spatial distribution in the amplitude of the instability,
shown in Figure 2B for —10 < R < 10cmatZ =2 cm,
exhibits two approximately symmetric maxima located R~5-
6 cm off-axis, reducing on-axis and adjacent to the expansion
chamber walls. Additionally Figure 2B contains the normalized
radial ion density profile measured between 0 < R < 10 cm
employing an axially aligned RFEA positioned at the same axial
location, where ion density data is obtained from Bennet et al.
[22]. The radial density profile shows the high-density conics
as locations of increased ion density off axis centered around
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R ~7-8 cm [15, 22]. The amplitude of the instability drops
rapidly toward the regions of peak ion density, limiting its radial
extent to within the conics. In fact, the radial distribution of the
instability demonstrates maxima corresponding with the regions
of highest increasing radial ion density gradient. To illustrate this,
the radial ion density gradient %, obtained from a differentiated
smoothing spline fit of the radial ion density, has been plotted
on Figure 2B, where % features two peaks located off-axis
which align closely with the peaks of the instability amplitude.
This indicates that the observed instability could be caused by
the radial density gradient in the downstream generated by the
conics. Note that the ion density in Figure 2B was measured only
on the +R side, with the ion density and density gradient for the
-R side presented as a symmetric mapping.

To further investigate the dependencies between the spatial
distribution of the instability and the radial ion density gradients,
LP measurements of the instability magnitude and central
frequency were performed with a 1 cm radial and axial resolution
across the mid-plane downstream of the Chi-Kung source.
The central frequency of the instability downstream of the DL
was found to be approximately spatially invariant, however the
amplitude of the instability exhibited both a radial and axial
spatial variation. A 2D map of the maximum amplitude of the
instability is shown in Figure 3A for a 13.56 MHz, 300 W,
argon discharge at 0.25 mTorr. Figure 3B shows a 2D map
of the normalized radial ion density gradient, again employing
smoothing splines allowing for calculation of % throughout the
measured area.

As observed previously in Figure 2, a similarity exists between
the topography of the instability amplitude and the most positive
%, exhibited in Figures 3A,B. Both the amplitude of the
instability and the radial ion density gradient exhibit maxima
coinciding with the beam-conic interface, denoted by the white
dashed lines. The beam-conic interface marks the transition from
the low density, high ion energy conditions on-axis into the high
density, low ion energy conics.

In addition, there exists a “global” radial asymmetry in the
topology of the instability, with the highest instability amplitudes
measured for the -R side of the Chi-Kung reactor. This global
asymmetry likely arises from the rf antenna geometry, where
higher average instability amplitudes coincide with the “hot” -R
(R < 0 cm) side of the antenna, while the lower average instability
amplitudes align with the “cold” +R (R > 0 ¢m) grounded end
of the antenna. Note that due to the radial mirroring of the ion
density measurements, performed on the “cold” +R side of the
source, this asymmetry is not observed in Figure 3B. Previous
work employing similar operational conditions have observed an
asymmetric ion density distribution about the central axis, with
the higher ion density localized to the R side of the reactor [22].
From the topological comparisons of the instability to the ion
density gradients presented in Figures 2B, 3 it is likely that the
instability forms either as a result of ion acoustic interactions
across the beam-conic interface [23, 24], or as a density gradient
driven drift wave instability [32, 33].

Before attempting to modulate the radial ion density
gradients via the introduction of a voltage waveform amplitude
modulation, the behavior of the instability was first investigated
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FIGURE 3 | Normalized (A) maximum instability amplitude & and (B) radial ion
density gradient % downstream of the DL between 1 < Z < 10 cm and
—10 < R < 10 cm. White dashed lines denote the approximate location of
beam-conic interface. Operating conditions: helicon antenna supplied

P =300 W at vy = 13.56 MHz employing 0.25 mTorr argon with /12 =6 A
solenoid current.

with respect to the applied rf power P, the DC solenoid
current I;, and the operating argon pressure. These findings
are presented in section 3.1, where measurements of the ion
saturation current were performed as described previously
with reference to Figure 3, employing a radial scan across
—10 < R < 10cmatZ = 2 cm downstream of the DL.

3.1. Power, Operating Pressure, and

Solenoid Current Dependence

The instability amplitude and central frequency are shown with
respect to varying applied power for a 0.25 mTorr pressure, 6 A
solenoid current discharge in Figures 4A,D, respectively, with
respect to varying solenoid current for a 300 W, 13.56 MHz,
0.25 mTorr pressure discharge in Figures 4B,E, respectively
and with respect to varying operating pressure for a 300 W,
6 A solenoid current discharge in Figures 4C,F, respectively.
Measurements were taken by employing a LP downstream (Z -
2 c¢m) of the Chi-Kung source, positioned on-axis (R = 0.0 cm)
and at the radial beam-conic interfaces (R = £5 cm).

Increasing the applied antenna power results in a proportional
increase in the amplitude of the instability, shown in Figure 4A,
where the constant of proportionality varies with radial location.
Generally however, a factor of three increase in the rf power
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FIGURE 4 | Normalized instability amplitude and frequency with respect to (A,D) rf power Py, (B,E) solenoid current /1 » and (C,F) operating argon pressure
respectively, as measured on-axis (R = 0.0 cm) and off-axis (R = +5cm),Z = 2 cm downstream of the DL. Off-axis measurements correspond to the
beam-conic interface, correlating with the region of highest radial ion density gradient. The horizontal gray shaded regions in (A-C) denote the background noise level,
while the vertical gray shaded regions in (E-F) denote measurements for which SNR < 2. Solid lines added to guide the eye. Operating conditions: helicon antenna
supplied Py = 100 — 600 W at v = 13.56 MHz employing 0.2-0.6 mTorr argon with /1, = 4 — 8 A solenoid current.

relates to an order of magnitude increase in the amplitude
of the instability. The spatial distribution continues to exhibit
two maxima coinciding with the £R beam-conic interfaces, as
observed previously for Figure 3A. Note that the ratio between
the maximum amplitude measured at the “hot” -R and “cold” +R
sides of the chamber increases with increasing applied rf power.
While this is likely due to an increasing asymmetry between the
-R and +R ion density gradients, it should be noted that other
plasma conditions, such as the localized electric field adjacent to
the antenna, may have an influence on the plasma stability. Note
however, in contrast to the instability amplitude, the frequency
of the instability in Figure 4D remains spatially invariant and
exhibits a linear dependence on the applied rf power, increasing
at a rate of 17.5 kHz kW™, corresponding to a doubling in
central frequency for a factor three increase in rf power.

Previous studies of the Chi-Kung reactor and similar
inductively coupled rf coupled plasma sources observed an
approximately linear relationship between the applied power
and the maximum plasma density [5, 21, 43]. This increase is
typically not spatially homogeneous, but instead the maximum
density increase is localized on-axis, leading to enhanced
radial density gradients [22]. The observed correlation between
these proportionalities with the topological similarities observed
previously between Figures 3A,C supports the hypothesis that
the instability is indeed primarily influenced by the ion density
distribution across the beam-conic interface.

The axial magnetic field strength was controlled by altering
the DC current supplied to the solenoids, where a symmetrical
current 1, = I = I, was supplied for all cases in
Figure 4. The instability is first observed above background noise
in Figure4B for I;, > 5 A (& 125 G on-axis) agreeing with
previously determined minimum solenoid currents required for
ion beam formation [44]. The amplitude and frequency of the
instability increase in proportion to the solenoid current, shown
in Figures 4B,E, exhibiting an order of magnitude increase in
the maximum amplitude for a doubling of the applied solenoid
current. Such behavior is to be expected due to the increased
radial confinement giving rise to enhanced axial and radial ion
density gradients within the source [11, 22]. Increasing the radial
confinement also amplifies any inherent radial asymmetry in the
ion density arising from the antenna geometry, again resulting in
higher maximum instability amplitudes on the “hot” -R side of
the chamber as compared to the “cold” +R side.

The central frequency of the instability exhibits an
approximately linear 3.1 kHz A~! proportionality to the
applied solenoid current, shown in Figure4E, and remains
spatially invariant for currents known to produce an ion beam.
Here, a doubling of the solenoid current exhibits a factor of
four increase in the frequency of the instability. Note also
that reversing the orientation of the magnetic field had no
effect on the frequency, amplitude or radial asymmetry of
the instability.
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Both the amplitude and frequency of the instability exhibited
the greatest response to variations in the operating pressure,
shown in Figures 4C,F, respectively. Here, the instability is
observed for pressures between 0.25 and 0.50 mTorr, agreeing
with the measured range in Aanesland et al. [38], and the lower
limit of which corresponds to the minimum pressure for ion
beam formation [8, 15, 21]. The rapid growth in the amplitude
of the instability (off-axis) for increasing pressure between 0.20
and 0.30 mTorr suggests that the presence of an ion beam
may be necessary for the formation of the instability. Beyond
0.30 mTorr the amplitude of the instability exhibits an inversely
proportional relationship to the operating pressure, falling below
the background noise for pressures above 0.50 mTorr. Note
that the global asymmetry in the amplitude of the instability
between the “hot” -R and “cold” +R sides of the reactor is less
pronounced with changes in operating pressure than with power
or solenoid current.

The frequency of the instability, shown in Figure4F,
exhibits an inversely proportional relationship with the
operating pressure, varying by -33.8 kHz mTorr~! between
0.25 and 0.50 mTorr, or a factor three reduction in the central
frequency for a doubling of the pressure. Increasing the operating
pressure results in an increased ionization rate, reducing the
on-axis confinement, potentially leading to reduced radial ion
density gradients. In addition to altering the radial ion density
gradient, previous work has shown that the potential drop across
the DL, and hence the ion beam energy and flux, reduces with
increasing operating pressure [21]. Therefore, a reduction in the
ion beam energy, coupled with the reduced radial ion density
gradient, reduces the instability amplitude and frequency, as
observed in Figures 4C,F, resulting in a greater influence than
that exerted by varying the applied power or solenoid current.

4. CONTROL OF kHz INSTABILITY VIA AN
IMPOSED VOLTAGE AMPLITUDE
MODULATION

The characterization performed in section 3 indicates a
relationship between the radial ion density gradient and
the amplitude and frequency of the instability. Further,
the appearance of the instability at operating pressures
corresponding to the limiting conditions for ion beam formation
suggest a link between the two phenomena. Control and
reduction of the instability may therefore impact the ion beam
parameters. Such control may be achieved through altering the
radial ion density gradient, implemented in this work through
the application of voltage waveform amplitude modulations.

4.1. Voltage Waveform Amplitude

Modulation Technique

Voltage waveform amplitude modulation was employed to
produce variable frequency and amplitude ion acoustic waves,
i.e, time varying ion density fluctuations, within the Chi-
Kung source. Voltage waveform amplitude modulation involves
the superposition of two non-harmonic sinusoidal voltage
waveforms; consisting of a high frequency “carrier” waveform,

facilitating power coupling to the plasma, and a low frequency
“envelope” waveform, introducing the desired ion acoustic wave
but otherwise not significantly affecting the average power
deposition. The resulting voltage waveform ¢,/ (¢) is described by
Equation (1):

Grr(t) = (Vrfsin(2n vrft)) . (Vmodsin(27rvmodt)) (1)

where, V¢ and V,,,q are the carrier and modulation voltage
amplitudes, respectively and v, and v,,4 represent the carrier
and modulation frequencies, respectively. As the modulation
voltage is applied symmetrically about the mean carrier voltage,
the power deposited into the source remains approximately
constant so long as V4 < V,r. Modulation frequencies in the
range 1 < v,,; < 12000 Hz were employed, while the carrier
frequency was maintained at v,y = 13.56 MHz. For ease of
discussion, the extent to which the carrier waveform is modulated
is discussed in terms of the modulation fraction ¢,,,4, defined
as the fraction of the modulation amplitude with respect to the
carrier waveform ¢, within a single modulation phase cycle 7,04

In practice, voltage amplitude modulation was achieved
through applying a seed envelope voltage waveform, supplied by
a Siglent SDG 5162 waveform generator, to the “volume” input
on the ENI OEM-25 power supply, directly varying V,,,4. An
example of a modulated voltage waveform generated in this way
is shown in Figure 5.

The voltage waveform in Figure5 consists of a base
13.56 MHz voltage frequency, modulated at v,,; = 8 kHz
by a modulation fraction of ¢,04 = 0.16 ¢,r. lons within the
source chamber, being heavier and less mobile than the electrons,
will respond preferentially to the low-frequency component of
the modulated waveform. Ion acoustic waves induced by the
kHz modulation voltage are then free to propagate through the
source chamber and into the downstream region. Altering the
modulation amplitude and frequency therefore provides a means
of selectively influencing the ion dynamics, providing a control
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FIGURE 5 | Example of rf amplitude modulation where the base frequency of
vy = 18.56 MHz is modulated at vyog = 8 kHz by a modulation fraction of
¢moa = 0.16. For clarity the 13.56 MHz signal is plotted at 7 = 5‘72 Tmod
temporal scale.
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mechanism for the ion density gradients across the ion beam-
conic interface. The application of voltage amplitude modulation
can therefore be used to investigate and control the instability
characterized in section 3.

4.2. Control of Instability Frequency and
Amplitude

As an initial proof of concept, a voltage waveform amplitude
modulation of frequency v,,; = 1 Hz and modulation
fraction @04 = 0.5 ¢,y was applied to the 13.56 MHz carrier
waveform, as described in section 4.1, for a Py = 300 W,
L, = 6 A, 025 mTorr argon discharge. The resulting
temporally-averaged and temporally-resolved LP ion saturation
current measurements of the instability amplitudes measured oft-
axis downstream of the DL (R, Z = -6 cm, 2 cm) are shown in
Figures 6A,B, respectively.

Figure 6A indicates that, in the absence of an applied
amplitude modulation, the instability exhibits an approximately
Gaussian frequency space profile centered at 14.2 kHz, agreeing
with previous observations. Upon application of a 1 Hz
voltage modulation the instability profile splits into a bi-modal
distribution, consisting of a low amplitude, low frequency
(=~ 12.6 kHz) component and a high amplitude, high frequency
(= 15.7 kHz) component. This “smearing” of the instability over
a wider frequency range arises due to the periodic alteration in
the applied rf power, following the proportionalities exhibited in
Figures 4A,B. Varying the power sinusoidally therefore produces
a low amplitude, low frequency peak corresponding to the
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FIGURE 6 | Normalized (A) time-integrated instability amplitude profiles with
(red curve) and without (black curve) a vmog = 1 Hz, ¢mog = 0.5¢¢ voltage
amplitude modulation and (B) time-resolved instability profiles employing the
same voltage amplitude modulation. Instability measured at the beam-conic
interface (R = —6 cm) downstream of the DL (Z = 2 cm). Solid lines in (A) were
smoothed employing a SavitzkyGolay filter. Operating conditions: helicon
antenna supplied P = 300 W at v = 13.56 MHz employing 0.25 mTorr
argon with /1 » = 6 A solenoid current.

minima of the envelope waveform and a high amplitude, high
frequency peak corresponding to the maxima of the envelope
waveform. This is more clearly visualized in the temporally
resolved instability amplitude, shown in Figure 6B, illustrating
approximately 12 voltage amplitude modulation cycles. Note that
the LP measurement timescale and the v,,,; = 1 Hz amplitude
modulation timescale are not synchronized, resulting in a beat-
effect where the instability is measured at different phases of the
amplitude modulation.

Recalling that the amplitude of the instability varies with
respect to the radial ion density gradient across the beam-conic
interface, see Figures 3A,B, it is plausible that effects arising
from the voltage amplitude modulation in this “low-frequency”
regime are influenced not only by the ion acoustic wave density
perturbations §#;(,,,4), but also by variations in the stationary

ion density gradients |5z
trends observed in Figures 4A,B described by Equation (2):

on; . (Timod), the latter of which follow

on; on;
TRI(Tmod) X ’?RI ‘0 (Tmod) £ 81i(Tyoa) (2)

Such behavior is indicative of a modulation timescale
Tod = vn;; 4 low enough such that the stationary ion
density is capable of responding. Increasing the applied
modulation frequency results in a reduced “frequency smearing”
effect, previously observed in Figure 6B, indicating a decreasing
temporal variation in the stationary ion density gradient.
For modulation frequencies in excess of v,,,; > 2 kHz the
instability exhibits no evidence of a frequency smearing effect,
indicating a constant stationary radial ion density gradient. The
time-resolved radial ion density gradient, described by Equation
(3), can therefore be expected to consist of a time-invariant

stationary density ‘% superimposed with a time-varying ion
density perturbation, induced by the modulation voltage:
) n; ‘ 1) n;

ﬁ(tmod) X ﬁ o + Sni(fmod) (3)

This “high-frequency” regime presents the capability to influence
the instability through specifically varying the amplitude and
frequency of the ion density perturbations. The remainder of
this study addresses the degree to which the instability can be
controlled within the high-frequency modulation regime.

The frequency distribution of the instability for three applied
Vmod = 2 kHz voltage amplitude modulationsina P,y =300 W,
Ly = 6A, vy = 13.56 MHz, 0.42 mTorr discharge
are shown in Figure7A, with the corresponding maximum
instability amplitude shown with respect to varying amplitude
modulation fraction between 0.0 ¢,y < Ppos < 0.74 ¢yf
presented in Figure 7B.

The unmodulated (¢,,,g = 0.0) instability in Figure 7A
exhibits an approximately Gaussian frequency distribution with
a central frequency of 9.2 kHz, lower than that observed in
Figure 2A, due to the increased operating pressure. Applying
a Vpog = 2 kHz, ¢dpos = 0.38 ¢y voltage amplitude
modulation has no significant affect on the instability, altering
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FIGURE 7 | Normalized instability amplitude profiles as measured at the
beam-conic interface downstream of the DL (R, Z = -6 cm, 2 cm) with a

vmod = 2 kHz voltage amplitude modulation for (A) ¢moed = 0.0 ¢y,

Pmoad = 0.38 ¢ and ¢mog = 0.67 ¢ and (B) the variation in peak instability
amplitude with respect to increasing ¢moq. Solid lines in (A) were smoothed
employing a SavitzkyGolay filter and included in (B) to guide the eye.
Operating conditions: helicon antenna supplied P = 300 W at

vr = 13.56 MHz employing 0.42 mTorr argon with /12 = 6 A solenoid current.

neither the amplitude nor the central frequency. The preservation
of a Gaussian frequency profile differs from that observed
previously at v,,; = 1 Hz in Figure 6A demonstrating
independence from the time-varying rf power indicating a high-
frequency modulation regime. It should be noted that the
transition between the low-frequency to high-frequency regimes
is relatively gradual with increasing modulation frequency. As
such v,y = 2 kHz represents an empirically chosen frequency
marking this transition as it is the lowest modulation frequency
for which evidence of a bi-modal distribution is on-par with
the background noise level. Increasing the modulation fraction
beyond ¢p04 > 0.4 ¢y results in a significant reduction
in both the amplitude and central frequency of the instability,
albeit also extending the frequency range. The spreading of
the instability in frequency space may arise from non-linear
coupling between the instability and the modulation frequency
[29]. Evidence of this may be observed from a comparison of
Figures 6, 7, where for a v,,,4 = 1 Hz modulation, the
highest amplitude component of the instability is up-modulated
from 14.2 to 15.7 kHz. In comparison, for a v,,,; = 2 kHz
modulation, the central frequency of the instability is down-
modulated from 9.2 to 8.1 kHz. While these demonstrate the
potential for coupling between the modulation frequency and the
instability frequency, a full analysis of this phenomena is beyond
the scope of this work.

The amplitude of the instability is shown with respect
to applied modulation fraction in Figure 7B, exhibiting a
limited variation in the amplitude of the instability between

0.0 ¢y < Pmoa = 04 ¢y, followed by a significant
reduction beyond ¢,,04 A~ 0.4 ¢,¢. The inversely proportional
relationship follows an approximately linear trend between
04 ¢y < Pmoa < 0.74 ¢, with & reducing by 50%, at which
point the voltage amplitude modulation fraction was limited by
the internal response time of the rf power supply.

The observed variation in the amplitude of the instability with
respect to increasing modulation fraction suggests that the ion
acoustic waves are altering the time-averaged radial ion density
gradient across the beam-conic interface. Assuming a time-
invariant stationary ion density and time-varying ion density
perturbation from Equation (3), the resulting time-averaged
radial ion density gradient can be described by Equation (4).

(Sn,- .
SR

51’1,‘
dR

Tmod
+ / 81i(Tod)ATmod (4)
0 0

Here, the ion density perturbation varies in proportion to the
applied modulation voltage waveform 81;(7,,,4) o sin(2mwvy,4t),
via Equation (1). Ignoring wave damping and assuming a
homogeneous stationary ion density, this would result in
a temporally symmetric modification of the radial density
gradient, leading to a zero time-averaged contribution from
the perturbation.

Tmod t
/ 3Mi(Tiod) ATmod X f SIN(27 v,0qt)dt = 0 (5)
0 0

However for ion acoustic waves traveling through an
inhomogeneous medium, as is the case here, the amplitude
of the acoustic wave is attenuated with respect to the density
of the background medium. Notably, ion acoustic waves
propagating radially within the downstream region experience
an increasing stationary ion density, see Figure 3B. The positive
amplitude (compressive) phase of the wave is therefore likely
to experience a higher energy loss than the negative amplitude
(rarefaction) phase leading to an asymmetric attenuation of the
ion acoustic waveform. The resulting ion density perturbation
would therefore be expected to exhibit an amplitude asymmetry,
represented in Figure 8.

The symmetrically attenuated waveform in Figure 8 exhibits
a zero time-averaged value, agreeing with Equation (5). In
contrast, the asymmetrically attenuated ion acoustic wave
exhibits a non-zero time-averaged ion density perturbation,
such that:

Timod
/ 81i(Tyod)ATimod 7 0 (6)
0

Ion acoustic waves possessing a negative amplitude asymmetry,
such as those shown in Figure 8 where the negative amplitude
of the wave exceeds the positive amplitude, are therefore
expected to reduce the time-averaged ion density gradient,
via Equation (4), leading to a reduction in the amplitude
of the instability. These expected outcomes concur with
the measured direction of the ion density gradient in
Figure 2B and the associated reduction in the amplitude of
the instability in Figures 7A,B. In addition, note that the
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lines, respectively.

magnitude of the time-averaged asymmetry increases with
the number of ion acoustic phase cycles, ie., for a fixed
source dimension the attenuation of an sub-cyclotronic
ion acoustic wave increases in proportion to the applied
frequency [45]. Therefore, increasing the voltage modulation
frequency would be expected to enhance the effects observed
for vyeg = 2 kHz, further reducing the magnitude of
the instability.

To investigate the effects of increasing the applied modulation
frequency, Figure 9 shows the maximum instability amplitude
with respect to modulation fraction for modulation frequencies
in the range 2 < v,y < 12 kHz for a 300 W, 13.56 MHz,
I, = 6 A, 042 mTorr discharge. The instability amplitudes
are measured R = -6 cm off-axis, Z = 2 cm downstream of the
DL corresponding to the location of peak instability amplitude,
see Figure 3A.

The instability amplitudes in Figure9 were found to be
inversely proportional to the frequency of the voltage amplitude
modulation, i.e., increasing the modulation frequency results
in a substantial reduction in the amplitude of the instability
for the same modulation fraction. Quantifying this observation
employing a least-squares exponential fit yields that for a fixed
reduction in instability amplitude, the required modulation
fraction varies as: @poq o< exp %2Vmod. This effect saturates
as the modulation frequency is increased, trending toward a
minimum required modulation fraction of ¢,,04 ~ 0.1¢,s. These
findings are concurrent with the hypothesis that asymmetrically
attenuated ion acoustic waves are responsible for a reduction in
the radial ion density gradient, via Equation (4), and subsequently
also the amplitude of the instability.

Employing a vye¢ = 12 kHz, ¢yyoq = 0.11 ¢ voltage
amplitude modulation, the maximum amplitude of the instability
was reduced by up to 65%. The central frequency of the instability
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FIGURE 9 | Normalized instability amplitude profiles as measured at the
beam-conic interface downstream of the DL (R, Z = -6 cm, 2 cm) with respect
to voltage amplitude modulation frequency 2 kHz < vpog < 12 kHz and
modulation fraction 0.0 < ¢meg < 0.74. Solid lines added to guide the eye.
Operating conditions: helicon antenna supplied Py = 300 W at

v = 13.566 MHz employing 0.42 mTorr argon with /1o = 6 A solenoid current.

(not shown) remained approximately independent of the applied
modulation frequency, varying by at most 13% (1.2 kHz) over the
range 0.0 < ¢q < 0.74 for the v,y = 2 kHz modulation
case. It should be noted that these trends are representative of
the behavior of the instability obtained from a single spatial
location (R, Z = -6 ¢cm, 2 cm) downstream of the DL. However,
as the induced ion density perturbations are not limited to any
particular region of the source or expansion region, reduction of
the instability amplitude is expected to be observed over the full
downstream region.

Figure 10 shows the radially resolved maximum instability
amplitudes as measured Z = 2 cm downstream of the DL between
—10cm < R < 10 cm, for a 300 W, 13.56 MHz, I;, = 6 A,
0.42 mTorr argon discharge employing a v,,y = 12 kHz
voltage amplitude modulation where ¢,,04 = 0.0¢ (ie. no
modulation) and ¢,,04 = 0.11¢.

In the absence of an applied voltage amplitude modulation
the spatial distribution of the instability in Figure 10 agrees
with that previously measured in Figure 3A. The application
of a vy = 12 kHz, ¢poa =  0.11 ¢ voltage
amplitude modulation results in reduced instability amplitudes
at all radii. The effect is most pronounced at the beam-conic
interfaces (R = -5 cm, R = +6 cm), reducing on-axis and
toward the downstream chamber walls. Greater inhibition of
the instability adjacent to the beam-conic interface suggests a
spatially varying modification of the radial ion density gradient
arising from the voltage amplitude modulation. While this
may arise from a number of effects, it is consistent with an
increasing én; contribution arising from increasingly asymmetric
ion acoustic waves attenuated through a radially varying ion
density gradient. The trends presented in Figures7, 9, 10,
supported by the mathematical framework introduced in section
4.2, demonstrate voltage amplitude modulation as an effective
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technique for the reduction of ion density driven instabilities in
magnetized plasmas.

5. CONCLUSIONS

A kHz instability in the ion saturation current downstream of a
current free double layer has been spatially characterized with
respect to the operating pressure, applied rf power and on-axis
magnetic field strength. The amplitude of the instability was
found to vary in proportion to the radial ion density gradient
across the ion beam-conic interface. Reduction of the instability
was achieved through the application of a kHz frequency
voltage amplitude modulation v,,,4 to the “carrier” 13.56 MHz
voltage waveform ¢,¢. Two amplitude modulation regimes were
identified: a “low-frequency” regime (1 Hz < v,y < 2 kHz),
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