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Diffraction of dust acoustic waves by a circular cylinder
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The diffraction of dust acoustic (DA) waves around a long dielectric rod is observed using video
imaging methods. The DA waves are spontaneously excited in a dusty plasma produced in a direct
current glow discharge plasma. The rod acquires a negative charge that produces a coaxial dust void
around it. The diameter of the void is the effective size of the “obstacle” encountered by the waves.
The wavelength of the DA waves is approximately the size of the void. The observations are
considered in relation to the classical problem of the diffraction of sound waves from a circular
cylinder, a problem first analyzed by Lord Rayleigh [Theory of Sound, 2nd ed. (MacMillan, London,
1896)]. © 2008 American Institute of Physics. [DOI: 10.1063/1.2977986]

Dust acoustic (DA) waves are pressure disturbances that
propagate through the charged dust component in a dusty
plasma.k12 They are very low-frequency waves, typically a
few hertz to tens of hertz, since the wave inertia is carried by
the heavy dust particles. DA waves are commonly observed
in dusty plasmas formed in dc glow discharge plasmas where
they are spontaneously excited, probably by an instability
due to the ions drifting through the dust.” A novel aspect of
DA waves is that they can be studied by video imaging of
laser light scattered by the particles. The present investiga-
tion uses this technique to study the diffraction of dust acous-
tic waves by a dielectric obstacle. In this preliminary report,
we present observations of DA wave diffraction by a long
cylinder, which is essentially a two-dimensional geometry
that is most amenable to laser light scattering and video im-
aging techniques.

The problem of the scattering (diffraction) of sound
waves from a cylinder or a sphere was first considered by
Lord Rayleigh in his classic treatise on sound.'* The analysis
of sound waves in a gas or DA waves in a dusty plasma leads
to identical linearized continuity and momentum equations
for small-amplitude perturbations,
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where 7 is the perturbed dust density, # is the perturbed dust
fluid velocity, n is the unperturbed dust density, and c; is the
propagation speed. We recognize Egs. (1) and (2) as the Eu-
ler equations for an ideal (inviscid) compressible fluid. This
similarity of the behavior of long-wavelength acoustic distur-
bances in a neutral gas and in an ionized gas]5 was pointed
out explicitly by David Montgomery.16 The form of the
acoustic speed, of course, depends on the choice of the equa-
tion of state. For sound waves in a neutral gas, c;
=(ykzT/m)"? is the speed of sound, where 7 is the ratio of
specific heat at constant pressure to that at constant volume,
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T is the gas temperature, m is the mass of the gas molecules,
and kg is Boltzmann’s constant. For DA waves, c, is the dust
acoustic speed given by17

(kBTd aZ?lkBTl )1/2
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where T; (j=d, i, e) is the (dust, ion, electron) temperature,
a=ny/ny is the ratio of the unperturbed dust density, n, to
the unperturbed ion density, n;5, and m,; and Z; are the dust
mass and charge number, respectively.18 The momentum
equations for the neutral gas and dusty plasmas can be ex-
pressed in the similar form to Eq. (2) because the term con-
taining the wave electric potential can be written in terms of
the density perturbation, n, since for low-frequency DA
waves, both electrons and ions can be considered to be in
Boltzmann equilibrium.1 For one-dimensional plane waves
of the form ~ exp[i(Kx—wt)], where K and w are the wave
number and angular frequency, respectively, the dispersion
relation for the acoustic modes (gas or dust) is w=cK.

The experiments were carried out in a dc glow discharge
device shown schematically in Fig. 1. A glow discharge was
formed by applying 300—400 V to a 2.5 cm diameter anode
disk located on the axis of a large (90 cm long by 75 cm
diameter) grounded vacuum chamber that was backfilled
with argon to a pressure ~100 mtorr (13 Pa). The dc glow
discharge was confined to a cylindrical region protruding
roughly 15 cm from the anode by applying a uniform mag-
netic field up to ~0.01 T along the axis of the vacuum cham-
ber. Typical plasma parameters are n,~ 108-10° cm™,
T,~2-3 ¢V, T;~0.03 eV.""?

The dusty plasma is produced using an electrically insu-
lated tray loaded with kaolin powder (2 g/cc, nominal size
1 wm) and located below the anode. When the glow dis-
charge is initially formed, dust particles are attracted into the
plasma where they are confined under the opposing effects of
electric forces and ion drag forces.”!” Assuming an average
dust radius r;~0.5 um (or my~1Xx1071 kg), the dust
charge number Z,, estimated using the orbital motion limited
(OML) model," is Z,~ 1800. The dust particle cloud is il-
luminated with a 120 mW, diode pumped solid-state
Nd:YAG laser operating at 532 nm, as shown in Fig. 1. The
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FIG. 1. (Color online) Schematic of the glow discharge dusty plasma de-
vice. The upper diagram is a side view showing the laser illumination ge-
ometry and the lower diagram is a top view showing the viewing geometry.
The glow discharge is produced in argon at 100 mtorr (13 Pa) and 300 V. A
longitudinal magnetic field up to 0.01 T is applied to form an elongated
plasma fire-rod.

laser beam is expanded into a thin vertical sheet using a
cylindrical lens and the scattered light is viewed and re-
corded using a digital charged-coupled device (CCD) camera
fitted with a microscope lens and an optical filter that passes
light at the laser wavelength. The CCD camera was operated
at either 250 or 1000 frames/s. The output of the video cam-
era was fed into a PC for processing. From the interparticle
spacing measured from single frame video images, the aver-
age dust density is estimated to be no~ 10" m™3.

Dust acoustic waves were spontaneously excited in the
dusty plasma. The excitation of the DA waves is probably
due to an instability driven by ions streaming through the
dust.”® The waves appeared as bright vertical fringes that
propagated along the axis of the plasma away from the anode
(the direction of ion flow). A single frame video image of the
dust acoustic waves before the rod was inserted is shown in
Fig. 2(a). The bright arcs are the compressional zones (con-
densations) of the waves that propagate, in this image, from
left to right away from the anode disk, which is the bright
rectangular structure on the left side of the image. From the
single frame images, we estimate the wavelength of the DA
waves to be ~2.5-3 mm. It is also possible to follow the
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FIG. 2. Single frame video images of DA waves: (a) Without the rod present
and (b) wirh the rod present. In both images, the anode is the white rectangle
on the left. The bright circle in (b) is laser light captured in the rod and
leaving the near end.

advance of the wavefronts in consecutive frames to obtain an
estimate of the DA wave speed, which was ~25-30 cm/s.

To study the interaction of the dust acoustic waves with
a cylinder, a 3 mm diameter Pyrex tube was inserted into the
dusty plasma, as shown in Fig. 1. A typical single frame
video image of the DA wave interaction with the cylinder
present is shown in Fig. 2(b). The size of the “obstacle” is
determined not solely by its physical size but by the cylin-
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FIG. 3. (Color online) Two-dimensional contours of the acoustic pressure
field downstream of a cylinder located at (0,0). Here a=2, \=1, with all
dimensions expressed in units of wavelength.

drical “void” (radius ~4 mm) that surrounds the glass tube.
The void forms due to the expulsion of the negatively
charged dust particles by the inwardly directed electric field
that develops around the rod because of the collection of
electrons (with a thermal speed > the ion thermal speed)
from the background plasma.zo’21 The diffraction of the DA
waves around the rod is best appreciated by viewing a video
sequence.22 Upon encountering the obstacle, a DA wavefront
splits into two vertical segments, each of which appears to
attach to the circumference of the obstacle as they advance
around it, until they merge near the equator on the down-
stream side and detach from the rod. The highly distorted
wavefronts then continue to propagate downstream, with the
central distorted section widening vertically and eventually
flattening out far from the obstacle. At about 1 cm from the
obstacle, secondary wavelets appear near the equatorial plane
of the rod.

Since the DA waves and sound waves obey a similar set
of equations, it is interesting to compare the resulting diffrac-
tion patterns in the two cases. The DA wave scattering prob-
lem occurs in the regime where the wavelength is compa-
rable to the radius of the rod, N ~a, and neither the source
nor the observation region are far from the object. This cor-
responds to the case of Fresnel diffraction in physical optics.
In the analysis of the diffraction of sound, one usually con-
siders two limiting cases that determine what boundary con-
ditions are applied at the surface of the obstacle.”> For an
acoustically “hard” cylinder, the fluid velocity is taken to
vanish on the surface, whereas for the acoustically “soft”
cylinder, the pressure perturbation is taken to vanish. The
acoustically soft cylinder condition is usually applied to scat-
tering from a compressible object. It is not immediately clear
which of these two conditions should apply, if either, to the
present case. The dust particles comprising the fluid elements

Phys. Plasmas 15, 090701 (2008)

)

FIG. 4. (Color online) Image of a ripple tank simulation of waves from a
point source interacting with a circular object.

that are the DA wave medium are excluded from the void
region surrounding the negatively charged rod. Thus we will
treat the void as a hard cylinder. An analytic solution of the
scattering of plane sound waves from an infinite hard cylin-
der has been provided by Morse. > Briefly, the pressure in the
sound wave is expressed as a sum of the undisturbed plane
wave expanded in terms of cylindrical waves, and an outgo-
ing cylindrical wave, with the condition that the radial fluid
velocity of the combination vanishes at r=a. This leads to an
infinite series for the pressure field p(r, ¢,t), which can be
evaluated for specified values of the parameter Ka=2ma/\.
Figure 3 shows the pressure field p(x,y) contours in a verti-
cal plane for the case in which Ka=4m with all dimensions
normalized to wavelengths. In the numerical evaluation of
the pressure field, at least 20 terms were retained in the series
to ensure convergence. The cylinder in Fig. 3 is located at
(0,0) so that only the region downstream of the obstacle is
shown. In comparing this result with that in Fig. 2, one needs
to keep in mind that in the experiment, the incident waves
are only approximately planar, whereas in Fig. 2 the incident
sound waves are strictly planar. This accounts for the fact
that in the DA case the pressure waves in the scattered field
appear semicircular. Nevertheless, the acoustic simulation
clearly shows the bending of the wavefronts as the wave
passes by the cylinder followed by a gradual flattening-out as
the waves progress downstream. The acoustic pressure re-
sulting from the interaction of an acoustic Gaussian beam
incident on a cylindrical object is given in Fig. 2 of Cummer
and Schurig.25

A somewhat more realistic simulation of the diffraction
of sound waves can be obtained using a ripple tank. It has
been know for a long time that shallow water waves in a tank
of about 1 cm depth provide an excellent model for sound in
two dimensions.”® A simulated ripple tank image of the dif-
fraction of waves from a point source around a circular ob-
ject is shown in Fig. 4.*" The object is located several wave-
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lengths downstream of the source to simulate roughly the
curvature of the DA waves in the actual experiment.

In comparing the diffraction of the DA waves and ordi-
nary sound waves, one should bear in mind that the DA
waves are not launched from a localized source, as in the
case of either the plane-wave source in Fig. 3 or the point
source in Fig. 4. The DA waves are excited spontaneously in
the dusty plasma as a result of an instability.

Finally, we point out that the diffraction of grid-launched
ion-acoustic waves from an obstacle in a multidipole plasma
was observed over 25 years ago by Okutsu, Nakamura, and
Lonngren.28
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