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We present the first experimental observations of the dust acoustic wave where the wave
was observed to propagate in the directions of gravity and magnetic field when these
directions were not aligned. The experiments were conducted in the Magnetized Dusty
Plasma eXperiment facility using a novel electrode system that allows for the angle
between gravity and the magnetic field to be varied in a controlled way. This letter reports
on measurements in an rf glow discharge argon plasma environment where the angle
between direction of gravity and the magnetic field is 45°. When there was no applied
magnetic field, the wave was observed to propagate in the direction of gravity. However,
as the magnetic field increased and the ions transitioned from flowing in the direction of
gravity to the direction of the magnetic field, a second wave emerged and two distinct
waves were observed to simultaneously propagate, one in the direction of gravity and one
in the direction of the magnetic field. As the magnetic field was further increased, the
wave that propagated in the direction of gravity was suppressed and the wave was only
observed to propagate in the direction of the applied magnetic field. We also observe
that the speed and the kinetic temperature of the dust for the mode that propagated in
the direction of gravity decreased with increasing magnetic field while the speed and
the kinetic temperature of the dust for the mode that propagated in the direction of the
magnetic field increased with increasing magnetic field. These measurements suggest that
an ion-dust streaming instability is at least partially responsible for the high temperatures
that have previously been observed in dusty plasmas when the dust acoustic wave is
present.
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1. Introduction

Dusty plasmas are a four-component plasma systems composed of ions, electrons,
neutral particles and charged microscopic particles, or ‘dust’. When the dust interacts
with the other plasma species, it acquires a net charge and self-consistently modifies the
properties of the surrounding plasma medium. The resulting system supports a range
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of new plasma phenomena (Morfill & Ivlev 2009; Melzer et al. 2021; Merlino 2021),
including a collective mode known as the dust acoustic wave (DAW), a low-frequency,
longitudinal wave that is self-excited by the free energy from the ion streaming through
the dust component (Melands@, Aslaksen & Havnes 1993; Rosenberg 1993; D’ Angelo
& Merlino 1996; Rosenberg 1996; Merlino 2009). Investigations of this wave mode have
been a major topic of study for nearly 35 years (Merlino 2014). One observation from these
investigations is that the dust kinetic temperature is observed to be quite large when this
wave mode is present (Thomas, Fisher & Merlino 2007; Rosenberg, Thomas & Merlino
2008; Williams, Thomas & Marcus 2008; Fisher & Thomas 2010; Thomas 2010; Williams
& Snipes 2010; Williams 2019). There have been a number of mechanisms proposed to
explain these observations (Winske et al. 1995; Quinn & Goree 2000a,b; Joyce, Lampe &
Ganguli 2002; Rosenberg 2002; Marmolino et al. 2009; Yaroshenko, Nosenko & Morfill
2010; Avinash, Merlino & Shukla 2011; Norman, Stegailov & Timofeev 2011; Fisher et al.
2013; Avinash 2015) but the physical mechanism responsible for the measured dust kinetic
temperature remains an open question.

The presence of a magnetic field can substantially alter the properties of the plasma
and this has led to a number of studies that have sought to understand how the DAW is
affected by the presence of magnetic fields (Thomas et al. 2016; Tadsen, Greiner & Piel
2018; Choudhary et al. 2020; Melzer et al. 2020, 2021). In Tadsen et al. (2018) and Melzer
et al. (2021), the magnetic field (<100 mT) and gravity were aligned and nanometre sized
dust was used. As a result, gravity did not play a dominant role and the wave propagated
radially outward from the central region of the dust cloud in the direction of the ion flow. In
Thomas et al. (2016), Choudhary et al. (2020) and Melzer et al. (2020), the magnetic field
(=150 mT-2T) and gravity were aligned and micron sized particles were used. In these
experiments, gravity played a dominant role and the waves were observed to propagate
in the direction of gravity, the magnetic field and ion flow. In this Letter, we present the
first measurements of the properties of the DAW with micron sized dust in the presence
of a magnetic field when the magnetic field is not aligned with gravity. It is observed that,
when there is no applied magnetic field, the wave is observed to propagate solely in the
direction of gravity. However, as the magnetic field increased and the ions transitioned
from flowing in the direction of gravity to the direction of the magnetic field, a second
wave emerged and two distinct waves were observed to simultaneously propagate, one in
the direction of gravity and one in the direction of the magnetic field. As the magnetic field
was further increased, the wave that propagated in the direction of gravity was suppressed
and the wave was only observed to propagate in the direction of the applied magnetic field.

2. Experiment

The experiments presented here were performed in the Magnetized Dusty Plasma
eXperiment (MDPX), a high magnetic field research instrument capable of creating a
uniform (<1 % variation) magnetic field up to 4T over a 10cm diameter x6cm long
cylindrical region in the centre of the magnet (Thomas et al. 2015). A key feature of this
instrument is the ability to rotate the magnet, allowing the angle between the direction of
the magnetic field and gravity, «, to vary from 0 to 90°.

An argon plasma is generated at a neutral gas pressure of 66 mTorr by applying 1 W
of rf power to an 11.5cm diameter electrode. A second 11.5cm diameter, electrically
floating electrode is positioned 6.4cm below the powered electrode. A copper ring
(8.24 cm outer diameter, 6.34 cm inner diameter) is positioned on the lower electrode
to increase confinement of the dust between the two electrodes, see figure 1(a). The
electrode assembly is mounted to the vacuum chamber using a pair of ball bearings that
allows electrode assembly to remain aligned with the direction of gravity as the magnet
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FIGURE 1. (a) Photograph of the electrode system with o = 22.5°. (b) Top view of the MDPX
device showing the imaging system used. The yellow lines indicate a plane mirror.

and chamber are rotated. This allows, for the first time, the DAW to be examined in a
configuration where the magnetic field is not aligned with the direction of gravity. Here,
the angle between the direction of gravity and magnetic field is set to 45°.

Once the plasma is ignited, a dust dispenser is used to introduce 1 wm diameter silica
(p =2000kg m~?) dust into the plasma with magnetic field B = 0T, and the plasma
conditions are adjusted until the DAW is observed to propagate. For the experiments
presented here, the wave mode is observed to fill the illuminated slice of the cloud.
Further, based on the geometry of the electrode system, the ions stream away from the
upper electrode in the direction of gravity and the wave is observed to initially propagate
in the direction of the gravity when B = 0T.

The dust is illuminated using a green, 4 = 532 nm, laser that is expanded into a ~3 mm
thick, vertically aligned sheet. Image sequences were recorded at 200 frames per second
using a USB3-based camera that has a linear light response and is positioned to view
the system perpendicular to the laser sheet, see figure 1(b). The plasma parameters were
measured in the central region of plasma where the dust clouds formed as a function of
magnetic field using a Langmuir probe with no dust present and the dust density was
found from the recorded images. It is noted that the voltage range used in the Langmuir
probe measurements were carefully chosen to extract the relevant plasma parameters
while avoiding the regime where the probe characteristics are severely distorted in the
presence of the magnetic field, as previously reported in measurements in MDPX using a
different electrode configuration (Williams er al. 2022). The experimental parameters are
summarized in table 1.

Once the wave is observed, the strength of the applied magnetic field is increased. The
effect of the magnetic field, B, at pressure, p, is quantified using the ion Hall parameter,
Hion = w.;/vin ~ B/p, which is a ratio of the ion cyclotron frequency, w.;, to the ion
neutral collision frequency, v;,, and provides a measure of how magnetized the ions are. As
the magnetic field increases and a threshold magnetic field is exceeded, H 2 0.5, a wave
that propagates in the direction of the magnetic field emerges and it is observed that two
distinct wave modes are observed to simultaneously propagate, see figure 2. Given that the
DAW is excited by ions drifting through the dust (Melandsg et al. 1993; Rosenberg 1993;
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Parameter Value
pressure, p (mTorr) 66
Electric field, E* (V m’l) 2040
Magnetic field, B (T) 0.17-0.98
Electron temperature, 7, (eV) 2.75-4.3
Ton temperature, 7;* (eV) ~0.025
Electron density, 7, (m?) 0.87-2.5 x 1013
Dust mass, mg (kg) 1.05 x 10713
Dust density, ng (m?) 1.0-2.3 x 108
ITon hall parameter, Hion ** 0.5-1.5
Dust charge, Z}* (q.) 1500-3000
skok
Electron thermal:drift velocity, teo 0.22
UTe
.k
Ton thermal:drift velocity, -2 1.54
UTi
Electron—neutral collision frequency, v (Hz) 4.58-5.48 x 10’
Ion—neutral collision frequency, v;* (Hz) 2.70-2.71 x 10°
Dust—neutral collision frequency, v;* (Hz) 79.48

Electron cyclotron frequency, w}r (Hz) 3.13-9.40 x 1010
Ion cyclotron frequency, w*" (Hz) 0.43-1.29 x 10°
Dust cyclotron frequency, w7 (Hz) 0.06-0.19

TABLE 1. Summary of measured, estimated* and calculated™* parameters.

D’Angelo & Merlino 1996; Rosenberg 1996; Merlino 2009), the emergence of a second
wave suggests that the direction of the ion flow through the dust cloud is changing. During
this transition, as the ions become magnetized, there is a component of the ion flow that
is in the direction of gravity and in the direction of the magnetic field. As the magnetic
field continues to increase and the ions are fully magnetized, the ions flow is exclusively
in the direction of the magnetic field and the component of the wave propagating in the
direction of gravity is suppressed, H = 1.5. At these higher magnetic field values, the
wave is only observed to propagate in the direction of the magnetic field. As the magnetic
field increases further, the wave propagating in the direction of the magnetic field is also
suppressed, similar to previously observations (Tadsen et al. 2018; Choudhary et al. 2020;
Melzer et al. 2020).

3. Results

To quantify the wave properties, a standard process is employed (Flanagan & Goree
2010; Menzel, Arp & Piel 2010; Killer & Melzer 2014; Williams 2014; Thomas et al.
2016; Williams 2019). After applying a Gaussian filter to the acquired images to remove the
granularity of individual dust grains, the image intensity is measured along the direction of
wave propagation (i.e. along a line that is perpendicular to the wave fronts) as a function of
time. For the measurements reported here, the waves were observed to propagate in either
the direction of gravity, the direction of the applied magnetic field or in both directions
simultaneously depending on the strength of the magnetic field, as illustrated in the inset of
figure 2. The wave structure is then found by subtracting the background dust density from
the measured intensity profiles and compiled into the space—time diagram of figure 3(a),
where the bright bands indicate the propagation of individual wave fronts through the dust
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FIGURE 2. A superimposed image illustrating the propagation of the wave in the direction of
gravity and the applied magnetic field, with each colour channel showing a snapshot of the wave
at different times. Here, the red, green and blue channels show the wave at times ¢, r + 15 ms
and 7 + 30 ms, respectively. The inset shows a plot depicting the observed direction of wave
propagation as a function of ion Hall parameter, Hjoy.
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FIGURE 3. (a) Space—time plot showing the propagation of individual wave fronts through the
dust cloud. (b) Representative dispersion relation for the component of the wave propagating
in the direction of gravity with and ion Hall parameter of 0.5. Here, the white dots depict the
extracted dispersion relation that was used in the subsequent analysis.

cloud. A two-dimensional Fourier transform is then performed and the peaks are extracted
to determine the dispersion relation of the wave mode; see figure 3(b).

The phase velocity is found by tracking several wave fronts, which are observed to travel
at a constant speed. The velocity of the wave is found by linearly fitting the location of the
wave fronts as a function of time. The results of this analysis are seen in figure 4. It is
observed that the phase velocity of the wave propagating in the direction of gravity is
constant until the wave that propagates in the direction of the magnetic field emerges.
At this point, the velocity of the wave propagating in the direction of gravity decreases
as the magnetic field, Hy,,, increases until this wave is suppressed at H,, > 1.5. At the
same time, the phase velocity of the wave that propagates in the direction of the magnetic
field increases with increasing magnetic field strength. The phase velocity of the wave that
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FIGURE 4. Plot of the wave speed as a function of the ion Hall parameter for the wave
propagating in the direction of direction of (red circles) gravity and (blue triangles) magnetic
field with @ = 45°. The space between the vertical dashed lines indicates the range of ion Hall
parameters where the wave mode was observed to simultaneously propagate in the directions of
gravity and the magnetic field.

propagates in the direction of the applied magnetic field is observed to remain constant
once the wave that propagated in the direction of gravity is suppressed. This behaviour
follows from the motion of the ions, which change from travelling in the direction of
gravity to the direction of the magnetic field as the ions become tied to the magnetic field
with increasing field strength. With a smaller component of the ion motion in the direction
of gravity, there is a decrease in the free energy from the ion streaming through the dust
component that drives this component of the wave, resulting in the wave slowing and
being suppressed. At the same time, there is an increasing component of the ion motion
in the direction of the magnetic field with increasing magnetic field strength, resulting in
an increase in the free energy in the direction of the magnetic field and the emergence of
a wave that propagates in the direction of the magnetic field. This suggest that, once the
wave that propagates in the direction of the gravity is suppressed, the ions only flow in
the direction of the magnetic field and, at this point, a constant phase velocity is observed.
Above a critical magnetic field strength, the phase velocity of the wave that propagates in
the direction of the magnetic field decreases as the wave is suppressed. This suppression at
higher magnetic fields has been previously observed (Tadsen et al. 2018; Choudhary et al.
2020; Melzer et al. 2020) but it remains unclear what mechanisms may be contributing
to the observed wave suppression with increasing ion magnetization. This will need to be
explored in future experiments through a combination of studies at higher magnetic fields
and lower neutral pressures.

It is also observed that the dispersion relation of the modes of the DAW that are observed
to propagate change as the magnetic field increases, see figure 5. It is observed that the
dispersion relations for the two modes are the same at smaller values of the magnetic
field, see figure 5(a). However, as the magnetic field increases, the dispersion relation
of the wave that propagates in the direction of gravity and the magnetic field diverge,
see figure 5(b). In particular, the slope for the mode propagating in the direction of
gravity becomes more shallow while the dispersion relation for the mode propagating
in the direction of the magnetic field becomes steeper. Based on previous measurements
(Thomas et al. 2007; Rosenberg et al. 2008; Williams et al. 2008; Fisher & Thomas 2010;
Thomas 2010; Williams & Snipes 2010; Williams 2019), this suggests a redistribution of
energy from the direction of gravity to the direction of the magnetic field, consistent with
the idea that the DAW is driven by the free energy from the ion streaming through the dust.
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FIGURE 5. Plot of the dispersion relation for the wave propagating in the direction of (red)
gravity and (blue) the magnetic field with &« = 45° when the ion Hall parameter is (a) 0.5 (B =
0.178 T) and (b) 1.25 (B = 0.446 T). The dispersion relations in (b) are modelled using (3.1).

To quantify this, the dispersion relations are fit to a fluid model where the electron,
ion and dust susceptibilities are modified by the angle 6 between wave propagation
and magnetic field. Following the process detailed in D’Angelo & Merlino (1996) and
including the effects of flows and drag forces due to the high neutral pressure Williams
et al. (2008), the dispersion relation can be written in the format used in Tadsen et al.
(2018)

w27
1 _|_ piT7 = 0, 31
2 320 — 21,82,523 G-

j=i,e.d lej 2¢j

where we use the abbreviated quantities 2y, = — k-« uj,, $£25j = 0 — k - uj, +1ivj,,
.lecj = .922] — ng cos® (9), .szcj = .szj — wfj with j = ion, electron and dust, w, =
qj/nj/€,m; are the plasma frequencies, v;; = \/kgT;/m; are the thermal velocities, u;, =
q;E,/mjv;, are the drift velocities, w.; = q;B/m; are the cyclotron frequencies, v;, are
the collision frequencies with neutral particles, g; are the charges, m; are masses, n; are
densities and 6 is the angle between B and k. It is noted that, when k and B are aligned,
the dispersion relation used here reduces to the dispersion relation used in Williams et al.
(2008).

Using the parameters in table 1, the dispersion relations are fit with the dust kinetic
temperature, 7, being the only free parameter. Representative fits for the wave travelling
in the direction of gravity (¢ = 45°) and the magnetic field (6§ = 0°) with H,,, = 1.25 are
seen in figure 5(b) and excellent agreement is observed.

From the fits of the dispersion relation, the dust kinetic temperature is found as a
function of magnetic field and is plotted over the full range of H,,, measured, see figure 6.
Similar to previous measurements, the dust kinetic temperature is significantly higher
than the other plasma components (Thomas et al. 2007; Rosenberg et al. 2008; Williams
et al. 2008; Fisher & Thomas 2010; Thomas 2010; Williams & Snipes 2010; Williams
2019). Further, the dust kinetic temperature behaves in a similar fashion to the phase
velocity. When Hj,, < 0.5, the wave is observed to only propagate only in the direction
of gravity, suggesting that the ion flow is primarily in the direction of gravity. In this
regime, the dust kinetic temperature is relatively constant. As the ions begin to become
magnetized, 0.75 < H;o, < 1.5, the wave is observed to propagate in both the direction of
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FIGURE 6. Plot of the dust temperature found by modelling the measured dispersion relations
using (3.1) as a function of the ion Hall parameter for the wave propagating in the direction of
(red circles) gravity and (blue triangles) the magnetic field with « = 45°. The space between
the vertical dashed lines indicates the range of ion Hall parameters where the wave mode was
observed to simultaneously propagate in the directions of gravity and the magnetic field.

gravity and magnetic field, suggesting that there is a component of the ion flow in each of
these directions. As the magnetic field increases, the dust kinetic temperature is observed
to be the same in both directions and to decrease, suggesting that the free energy from
the ion streaming through the dust component is somewhat evenly split between the two
modes of the wave observed. As the magnetic field continues to increase and there is a
larger component of the ion flow in the direction of the magnetic field, there is a smaller
component of the ion flow, and less free energy, in the direction of gravity, resulting in
a decrease in the dust kinetic temperature for the wave propagating in the direction of
gravity. At the same time, there is an increase in the temperature along the direction of
the magnetic field due to the more free energy in the direction of the magnetic field.
Once the ions are fully magnetized (H,,, > 1.5), the ions flow primarily in the direction
of the magnetic field and the wave in the direction of gravity is suppressed. The dust
kinetic temperature in direction of the magnetic field continues to increase slightly until
the wave begins to be suppressed (H;,, > 2.25), at which point the dust kinetic temperature
of the component of the wave in the direction of the magnetic field decreases. We note
that, while a number of mechanisms have been proposed to explain the high dust kinetic
temperatures (Winske et al. 1995; Quinn & Goree 2000b; Joyce et al. 2002; Rosenberg
2002; Yaroshenko, Verheest & Morfill 2007; Norman et al. 2011; Avinash 2015) observed,
the exact mechanism is not known. The dependence of the dust kinetic temperature in
the direction of gravity and magnetic field on the strength of the magnetic field observed
here suggests that an ion-dust streaming instability (Winske et al. 1995; Joyce et al. 2002;
Rosenberg 2002) is at least partially responsible for the high temperatures that have been
observed.

4. Conclusion

In this Letter, we report on the first measurements of the DAW when the wave was
observed to propagate in the direction of gravity and magnetic field when these directions
were not aligned. As the magnetic field increased and the ions transitioned from flowing
in the direction of gravity to the direction of the magnetic field, the wave propagating in
the direction of gravity was suppressed and a wave propagating in the direction of the
magnetic field emerged. It was observed that the speed and temperature of the dust for the
wave that propagated in the direction of gravity decreased with increasing magnetic field
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while the speed and temperature of the dust for the wave that propagated in the direction of
the magnetic field increased with increasing magnetic field. These measurements suggest
that an ion-dust streaming instability may be at least partially responsible for the high
temperatures that have previously been observed when the DAW is present.
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