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Chapter

Dynamic Behavior of Dust
Particles in Plasmas

Yoshifumi Saitou and Osamu Ishihara

Abstract

Experimentally observed dynamic behavior, such as a particle circulation under
magnetic field, a bow shock formation in an upper stream of an obstacle, etc., will
be reviewed. Dust particles confined in a cylindrical glass tube show a dynamic
circulation when strong magnetic field is applied from the bottom of the tube using
a permanent magnet. The circulation consists of two kinds of motions: one is a
toroidal rotation around the tube axis, and the other is a poloidal rotation. Dust
particles are blown upward from near the bottom of the tube against the gravity
neighborhood of the tube axis. A two-dimensional supersonic flow of dust particles
forms a bow shock in front of a needlelike-shaped obstacle when the flow crosses
the obstacle. The slower flow passes the obstacle as a laminar flow. A streamline-
shaped void where dust particles are not observed is formed around the obstacle.

Keywords: dust flow, dust fluid, bow shock, dynamic circulation,
storm in a glass tube

1. Introduction

The natural world is filled with fluids. Fluids present various phenomena such as
waves, oscillations, vortices, etc. Scales of such phenomena vary widely. The bow
shock formed near the heliopause is in the astrophysical scale, while the Great Red
Spot of Jupiter is in the planetary scale, a tornado is in the earth’s atmosphere scale,
and a swirling tea in a teacup is in the tabletop scale.

It is often observed that collective behavior of individual particles can be
regarded as a fluid. A complex plasma, defined as a plasma in which microparticles
are embedded in the background of electrons, ions, and neutral particles, provides
one of the examples of the case.

In 1986, Ikezi theoretically predicted existence of a crystalized structure with
small particles contained in a plasma [1]. It was in 1994 that Hayashi et al., Thomas
et al., and Chu et al. separately found in their experiments that charged dust
particles formed the crystalized structure in plasmas [2-4]. Since then, research on
dusty plasmas has been actively conducted [5-41]. Looking back on the past, Galilei
discovered in 1610 that Saturn had “ears.” It was found later that the “ears” were a
ring or rings by Huygens, Cassini, etc. [42]. Further later in 1856, Maxwell consid-
ered the stability of Saturn’s ring and concluded that the stable Saturn’s ring must
consist of independent particles [43]. The interplanetary space is a plasma state
dominantly filled by protons brought by the solar wind. Planetary rings like the
Saturn’s ring is one of the examples that ubiquitously exist in the universe.
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Research of complex plasmas including dust particles is unique in a sense that we
can chase the motion of individual dust particles by the naked eye using the visible
laser light on site without time delay.

In this chapter, experimentally observed dynamic behaviors, such as a circula-
tion of dust particles under magnetic field and a bow shock formation in an upper
stream of an obstacle, will be reviewed. A two-dimensional supersonic flow of dust
particles forms a bow shock in front of a needlelike-shaped obstacle when the flow
passes the obstacle. The slower flow passes the obstacle as a laminar flow. A
streamline-shaped void where dust particles are absent is formed around the obsta-
cle. On the other hand, dust particles confined in a cylindrical glass tube show a
three-dimensional dynamic circulation when strong enough magnetic field is
applied from the bottom of the tube. The circulation consists of two kinds of
motions: one is a toroidal rotation around the tube axis, and the other is a poloidal
rotation. Dust particles are blown upward from near the bottom of the tube against
the gravity around the tube axis.

2. Bow shock formation in two-dimensional dust flow

A NASA’s Spitzer Space Telescope observed a shock structure formed in front of
the speedster star known as Kappa Cassiopeia in 1994 [44]. The shock is formed
near the boundary between a stellar wind and interstellar medium. Another exam-
ple of a shock wave can be seen around a boundary between a planetary magneto-
sphere and a stellar wind. These shock waves are similar to a shock excited in front
of a bow of a ship cruising fast a water surface and are called a bow shock.

The bow shock is also observable in a supersonic flow of charged dust particles
in a complex plasma. In this section, we will look back our experimental work on
the bow shock formation [45]. Charged dust particles levitate at height where the
gravity and the sheath electrostatic force acting on each particle are balanced in an
experimental device on the ground. Therefore, monosized dust particles distribute
and flow in an almost two-dimensional plane. An obstacle is placed in the middle of
the dust flow just like the star or the planet in the solar wind or the ship on the
ocean. The obstacle is a thin needlelike conducting wire and forms a potential
barrier against the dust flow. The bow shock is formed when the dust flow interacts
with the potential barrier.

2.1 Experimental setup

The schematic of the experimental device Yokohama Complex Plasma Experi-
ment (YCOPEX) is shown in Figure 1 [46]. Detailed description on the device and
experimental setup can be seen in Ref. [45]. The device consists of a glass chamber
and a flat metal plate. The size of the metal plate is 800 mm in length (x direc-
tion = the main flow direction) and 120 mm in width (y direction). The device is
equipped with an up-and-down gate which is electrically controlled from outside.
The up-and-down gate separates the plate into two regions: the reservoir of dust
particles and the experimental region. A needlelike conducting wire is placed in the
experimental region and is used as an obstacle. The potential of the obstacle is
floating against the plasma potential here.

The argon gas pressure is 3.6 Pa. To avoid the drag by neutral particles or by ions
[45-49], the vacuum pump and the gas feeding are stopped when the pressure
reached the set value. Plasma is generated with an rf discharge of 5 W (13.56 MHz).
The measured plasma parameters are 7, ~ 5 x 10 m=3, T, ~ 5 eV. The plasma
potential is ~ —30 V.
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Figure 1.
Schematic drawings of the experimental glass chamber: a YCOPEX device (a) and a piezoelectric buzzer as the
dust source (b).

Each dust particle is an Au-coated silica sphere of 2 = 5pm in diameter
and m,; = 1.68 x 10 " kg in mass. The particles are charged to Q = Zze =
—(4.4 £ 0.5) x 10%, where ¢ is the elementary electric charge [49]. The particles
levitate near the boundary between the plasma and the sheath, whose height is
approximately 8 mm above the metal plate. The dust particles are irradiated with
two thin fan laser lights from the radial directions. Mie-scattered laser light from the
particles is observed and recorded with a camera placed outside the device.

In the initial state, the dust particles are accumulated in a cylindrical piezoelec-
tric buzzer which is placed under the metal plate and acts as a dust source. A part of
the accumulated dust particles is hopped into the plasma by energizing the buzzer.
The dust particles are stored in the reservoir region above the metal plate when the
up-and-down gate is in condition to the up position. By tilting the entire device at
angle 0 and lowering the gate, the stocked dust particles begin moving and form the
almost two-dimensional flow. The flow velocity is controlled by changing angle 6.
The velocity reaches a terminal velocity before the particles arrive near the obstacle.

2.2 Wave modes observed in a complex plasma

It is known that there are extremely low-frequency longitudinal wave modes in
complex plasmas. Typically, one is the dust acoustic (DA) mode, and the other is
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the dust lattice (DL) mode. The n-dimensional DA wave velocity, C5,, and the DL
velocity, Cpy,, are given by

Cd = M(Zd,md)f(K), (1)

where C; = C'5 or Cpy, and

2,2
Ze

€0MaADi

(2)

u(Zy,my) =

with g¢ the permittivity of free space, Ap;, the ion Debye length. The function
f (k) is given by

( 1 3D
1 2D
f(K) = /271'1('2 fOf CDA 9 (3)
47k
for CpL (K > 1)
\ \/(K2 + 2k + 2) exp (—k)

where x = d /Ap; with d as the interparticle distance [16, 19, 20]. The distance is
given by

1
1/3
(n3")

a=3 : (4)

for 2 — D dust distribution
\/an3P
d

where 73P and #2P are three- and two-dimensional dust densities, respectively.

The velocity of a wave excited in the dusty plasma, C;, is measured using the
time-of-flight method at @ = 0 degree. The velocity of dust acoustic modes coin-
cides well with the velocity of the dust lattice mode around « = 3 — 6. The three-

for 3 — D dust distribution

dimensional dust acoustic mode with velocity Cf’)a is likely the candidate for the
observed mode of the wave although the strict mode identification is still to be
determined.

2.3 Bow shock formation

The particles flow from the reservoir region to the obstacle by changing the
tilting angle 8. The void which has a streamline-like shape can be seen in the
hatched area of Figure 2. The void is an area where dust particles are absent. The
dust flow near the leading edge of the void is decelerated. The trajectories of dust
particles are deflected toward the +y direction in front of the void.

The flow velocity, vy, in the upstream area has a constant value which is mainly
determined by a balance of the gravitational force controlled by angle 6 and the
neutral drag force. The flow is almost uniform, and there is no prominent structure
in the upstream area when vy is small. When vy increases, an arcuate structure
where the intensity of the scattered laser light is enhanced is formed in front of the
leading edge of the void. For further increase of vy, a curvature of the arc becomes
larger. The tail of the void is extended with increasing values of vy.
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stagnation bow shock
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Figure 2.
Typical example of the formed bow shock. Modified from Figure 3(b) of Ref. [45].

The arcuate structure is the bow shock. The value of vy is required to exceed
Mach number 1 when the bow shock is formed, where the Mach number is defined
as the ratio of the flow velocity to the dust acoustic velocity. The experimentally
measured velocity is 71 m/s (Mach number M = 1). It is found that the arcuate
structure is distinctive when the flow is supersonic. In addition, there exists a
deceleration region between the leading edge of the arcuate structure and the void
as shown in Figure 2, that is, there is a region where the flow velocity is reduced in
order to keep the flux constant around the obstacle. The presence of such a decel-
eration region, a subsonic flow region, between the wave front and the stagnation
point is one of the defining features of the bow shock [50].

The density ratio 74, /n40 is shown as a function of the Mach number, where 74,
is the density in front of the stagnation point and 7, is the density of the upstream
area. It is known that a polytropic hydrodynamic model provides criterion for the
shock wave formation [50]:

( y—1_ \Y
(1 + 7M2> (M<1)
ndp

— = (r+1)/(r-1) 2 N\ Y- ; (5)
n4o il M y — 4 1 (M > 1)
2 y—1 5 2M?

1+ TM

\

where y is the polytropic index.
2.4 Bow shock by a simulation

A molecular-dynamics simulation code is carried out to examine the bow shock
formation. The density ratio 74, /740 and its spatial distribution are calculated. The
simulation result on the density ratio corresponds to the numerical result of Eq. (5)
with y = 2.2. The experimental result on the density ratio seems to correspond to
the case of y = 5/3 (= the specific heat ratio of monoatomic gas) ~ 2.2 though there
is a small deviation.

The polytropic index found in the simulation and experimental observation may
result from the fact that the significant amount of internal energy of the polytropic
fluid, which consists of charged dust particles, may be stored in the background
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plasma. The value of the complex plasma polytropic index indicates that the present
complex plasma is far from isothermal (y = 1).

As for the spatial density distribution, the density contour plot shows the arcuate
structure, and its curvature increases with increasing Mach number as seen in the
experiment.

2.5 Bow shock formation in two-dimensional flow

Under the polytropic process which is a quasi-static process, p/n’ = const. and
T /n’~! = const., are held with the polytropic index y, where p is the pressure, T is
the temperature, and # is the density. The polytropic index means

0  isobaric process

1 isothermal process

"= x isentropic process ’ ©)

oo isochoric process

where «;, is the ratio of specific heat. The experimentally obtained polytropic
index lies between 5/3 and 2.2. The value 5/3 is equivalent to the ratio of specific
heat of ideal monoatomic gas. The bow shock forms under the almost adiabatic
process. The value around 2 is suggested for the investigation on the solar wind
[51, 52]. In addition, the dust flow consists of a collection of dust particles with
finite size. It is hard to regard the fluid component as ideal. Hence, the polytropic
index deviates from 5/3.

The bow shock formation is a nonisothermal process. The pressure ratio and the
temperature ratio p dp /P40 and T4, /T 4o dependence on the density ratio ng, /1,49 are

given bYPdp/Pdo = (ndp/ndo)y and Ty, /Tao = (ndp/ndo)yfl, where Pay and Ty, are
the pressure and temperature at the stagnation point and p,, and T are those at
the upstream area, respectively. The results are shown in Figure 3. The bow shock is
formed for n4, /n40 > 1. These results suggest that the polytropic index may be

0 1 1 1 1 0 | | 1 1 1
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
ndp/ndO ndp/ndo
Figure 3.

Expected changes in the ratios of the pressure and the temperature by the bow shock formation nay /ng0 > 1
under the polytropic process.
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determined by measuring the pressure ratio p,, /p,, or the temperature ratio

Tayp/Tao-
In this polytropic process, there is a small amount of heat exchange with the
outside of the system. The first law of thermodynamics gives

dQ = dU + pdV = CydT + pdV, 7)

where dQ is a differential heat added to the system, 4U is the differential
internal energy of the system, and Cy is the specific heat at constant volume. By
integrating this equation from state O to state 1

Qo1 = Cy(T1 — To), (8)

where C, = Cy(y — «x)/(y — 1)(> 0) is the polytropic specific heat. As seen in
Figure 3, T1 — To = T4y, — Tao > 0, and as a result, Qo > 0. It is expected that the
heat Q; is added to the system for the bow shock formation.

3. Dynamic circulation under magnetic field

You may watch a dynamic motion of tea leaves, set on the bottom of the teacup,
by stirring the tea by a teaspoon. The tea leaves get close to the center and rise near
the tea surface as illustrated in Figure 4. We can see a similar phenomenon in a
complex plasma system. In this section, we will look back our experimental work on
such a dynamic motion of dust particles in a complex plasma [53].

The observation of particle motion in the dynamic circulation similar to the
motion of the tea leaves helps to understand the simple but profound nature of the
ubiquitous vortex commonly encountered in nature.

3.1 Experimental setup

The experiment is performed in a cylindrical glass tube as shown in Figure 5.
Detailed explanation on the experimental setup is given in Ref. [53]. The cylindrical
coordinates (7, 6,z) are with the origin at the inner bottom of the tube, and the
gravity is in the negative z direction.

The argon gas pressure is p = 5 — 25 Pa. A geometry of the gas supply and
exhaust system is configured to avoid the neutral drag force acting on the dust

tealeaves

Figure 4.
Schematic of tea leaves in tea stirred in a teacup.
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Schematic drawing of the experimental glass tube (a) and the coordinate system (b). The structure of the dust
cloud can be seen in Figures 7 and 8.

particles in the experimental region. The plasma is produced by an rf discharge of
20 W (13.56 MHz). The electron density is ~ 10** m~3, the electron temperature is
~ 3 eV, and the ion temperature is estimated to be ~ 0.03 eV.

A magnetic field is applied by a cylindrical permanent magnet of 50 mm in
diameter placed at a distance & below the powered electrode, and the magnetic field
strength is controlled by adjusting the distance % by a jack. The strength of the
magnetic field at » = 0 is given by

B(hz)~029 L 3T 9)
T\ g+ h+50) 7
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Figure 6.
Strength of the magnetic field at r = 0.

where 2 and z are measured in mm. The calculated B(k,2) is shown in Figure 6.

Dust particles which are acrylic resin spheres of @« = 3 pm in diameter and
mg = 1.7 x 107" kg in mass are supplied from a dust reservoir on the top of the
glass tube. Each dust particle is charged in the plasma to Q ~ —10% [49]. The
particles in the experimental region are irradiated with a thin fan laser light from
the radial directions. The laser sheet can be rotated around the laser axis. The
scattered laser light from the particles is observed and recorded with a camera
placed outside of the tube.

3.2 Behavior of dust particles in a glass cylinder

Because of the cylindrical symmetry of the glass tube, the motion of dust parti-
cles is well observable by watching in a meridional (vertical) plane as shown in
Figures 5, 7, and 8.

glass wall glass wall

L j—— stray light
& from glass
surface

stray light — Sl

from glass —_
surface

permanent magnet

powered
electrode

stationary dust particles
near stagnation point

Figure 7.
Typical example of the formed structure. B = 1.5 kG. Modified from Figure 2(c) of Ref. [53]).
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stationary dust particles
near stagnation point

Figure 8.
Schematic of dust particle motion in the meridional plane. The arrows indicate the divections of dust particle
motion.

When B(h 2137,z = 0) <0.006 T, the dust particles levitate a few mm above the
glass bottom forming a thin disk of radius 20 mm with a dense group of particles at
the rim of the disk near the outer wall. When B is increased, the stored dust particles
near the wall moved inward to the center and formed a disk of uniformly distributed
atz> 0. For B(17,0) = 0.12 T with p = 20 Pa, where the electrons and ions are
weakly magnetized and dust particles are rotating around the axis of the tube. The
radial electric field is induced by the ambipolar diffusion and the vertically applied B
field produces E x B drift motion of plasma particles, resulting in a solid body-like
azimuthal motion of dust particles with angular velocity 10 — 20 mm/s.

With a further increase of B and reached B(12,0) ~ 0.15 T, the dust disk becomes
the form as shown in Figure 7, i.e., the disk is thicker and its radius is smaller. A
meridional plane reveals a spectacular movement of dust particles in the thick disk.

Typical trajectories of the spectacular particle motions are shown with arrows in
Figure 8. There are two small poloidal rotations in the meridional plane near the
edges within the thick disk, i.e., one is the clockwise rotation on the right-hand
plane, and the other is the counterclockwise rotation on the left-hand plane. The
particle motion in the disk as seen in a meridional plane is somewhat similar to the
motion of tea leaves as shown in Figure 4.

The dust particles move upward against the gravity near » = 0. Especially, a part
of the particles blows up and exceeds the disk thickness. Such ascending motion of
dust particles is followed by radial movement toward the outer wall and then
downward. The situation that the particles gush near the top looks like fireworks.
After hitting close to the tube bottom, dust particles move inward along the tube
bottom. At the same time, dust particles localized near the outer edge of the disk,
which do not readily approach »~ 0, form a local circulation in the meridional
plane. While dust particles move in these closed circles in a meridional plane, the
dust cloud rotates around the z axis and forms a toroidal rotation. As a result, dust
particles form a helical motion around the z axis. A schematic illustration of the
observed movement of dust particles is something similar as shown in Figure 4. In
addition, there is a stagnation area around » = 0 near the tube bottom, where a
group of dust particles is not involved in the dynamic meridional rotation as shown
in Figures 4 and 5.

10
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3.3 MHD dust flow as a rotating fluid

The radial ambipolar diffusion is suppressed due to the electron magnetization,
and the current starts to flow in an azimuthal direction in a magnetized plasma. The
azimuthal electric field associated with the current density is given by

1 «T,1 on,

Ep=——
|0ce|Ten € Mo OF

(10)

In the present case, Eg~ 9 V/m because |w, |7, ~# 17, kT, /e = 3 eV, and
(on./ near)_l ~2 x 1072 m, where w,, is the electron cyclotron angular frequency, 7.,
is the mean-free-time of the electron-neutral collision, and « is the Boltzmann
constant. This electric field will produce the azimuthal motion of ions with angular
velocity vy, i;n = eEg/miviy %40 m/s. Those ions circling around the tube axis will
move dust particles resulting in a dust flow around the axis. Our observed maxi-
mum dust angular velocity is vy, 4,z & 0.02 m/s, near the wall.

The rotating magnetohydrodynamics (MHD) fluid involving dust particles may
be described by the Navier-Stokes equation with the continuity equation of an
incompressible fluid of constant mass density:

0 1 1
—+v-V|o=— Vp + V2o +—— B+f, 11
( v >v oy 'p + V0 dd}x (11)

V- 0v=0, (12)

where v is a kinematic viscosity of the dust fluid and f (: S+t fr+ ) is

an external force. The gravitational force j; is in the negative z direction, while the

drag forces f; by neutral particles, and ions are in the azimuthal direction. The
thermophoretic force f. and the other external forces are negligible in our
experimental conditions [54].

We consider rotating fluid with constant angular frequency Q2 far from the tube
bottom (z = 0). Egs. (11) and (12) can be solved for steady, axisymmetric flow with
v = (v, vy, V) in cylindrical coordinates with boundary conditions vy = 7€, v, = 0
atz = o0, and v, = vy = v, = 0 atz = 0. We assume J = (0,/,,0) and B = (0, 0, B).
The equilibrium condition requires

—rQ? =

(@ —JHB), (13)

mang \or

indicating that the centrifugal force on a dust particle is balanced by the pressure
gradient and the Lorentz force.

By introducing dimensionless parameters, v, = v, /7, Vg = vg/r2, V; = v, /182,
P =p/pv,and g = g/Vuv> withz = z/,/v/Q. Egs. (11) and (12) can be expressed
by a set of three ordinary differential equations:

(10— _
dv, > 5 _ do,

e Ay

A%y, _ _  doy_ 4
Tt o
dv,

2 o
\ dz br

11
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supplemented by the pressure gradient equation:

d_ﬁ_dzﬁz_ﬁ dv,
iz a2 Cdz &

(15)

The set of equations is well studied as similarity solutions for the rotating fluid
[55, 56]. The solution shows the presence of a stagnation point at (r,2) = (0,0) and
the presence of a thin boundary layer near the bottom where the fluid moves
inward. Our observation shows the boundary layer 3/v/Q2~5 mm.

As Egs. (11) and (12) show, dust particles drift in the azimuthal direction, and the
centrifugal force on a particle is given by f, = m,r (a£2)* with a, a constant less than
unity. The centrifugal force is balanced by an inward drag force by neutral particles

fon = szmzmnnnvf /8, where Cp is a drag coefficient, m, is a neutral mass, 7, is a
neutral density, and v, (= fr€2) is a representative radial velocity of dust particles with
a constant f < 1. The balancing equation gives the equilibrium radius as

o 8 magng (o 20[
"= 3Cp muny, (ﬁ) 2 (16)

Eq. (16) with a/f~ 0.03 gives an equilibrium radius of about 0.02 m, which
agrees well with our experimental observation.

3.4 Storm in a glass tube

The mechanism of the meridional dust flow is understood in the following way.
Initially dust particles are driven by the ion azimuthal motion caused by the radial
plasma density gradient in the presence of a strong vertical magnetic field. While
the MHD dust fluid forms a rotation around the tube axis, the angular velocity of
dust particles near the tube bottom is reduced by the friction from the sheath
plasma transition area. The friction reduces the centrifugal force. As a result, the
pressure gradient force together with the Lorentz force which remains the same
near the bottom generates a radial inward flow of dust particles. Because of the
continuity, the radial inward motion will be compensated by an axial upward flow.
Dust particles near the bottom ascend along the tube axis, where the sheath electric
force pushes charged dust particles upward. When rising dust particles move out-
side of the sheath, the dust particles feel only the gravitational force. The ascending
motion of dust particles near the axis is followed by the outward movement, and
then the particles descend.

A circulation with an inward flow at the bottom has been known as a teacup
phenomenon [57], also known as Einstein’s tea leaves [58]. In 1926, Einstein
explained that tea leaves gather in the center of the teacup when the tea is stirred as
a result of a secondary, rim-to-center circulation caused by the fluid rubbing against
the bottom of the cup. It is indeed observed in our complex plasma experiment that
there were some levitated dust particles staying close to the bottom near the center.

4. Discussion: collective behavior of dust particles as a fluid

A complex plasma is a system consisting of electrons, ions, neutral gas particles,
and dust particles. The dust particles are macroparticles of nanometers to microme-
ters in size. In our experiments, monodisperse dust particles of 3 or 5 or 5.6 pm in
diameter were used. Behavior of dust particles can be regarded as MHD fluid if
Ly < L, 7, > 74, and the system keeps quasi-neutrality. Here /5, is the mean free

12
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path of dust particles, L is a representative scale length of a phenomenon, 7, is time
scale of the evolution of the phenomenon, and 7, is the dust plasma period [59]. The
quasi-neutrality is always kept. Typically, /,,5, ~ 0.1 mm, L ~1cm, 7, ~ 1s, and

74 ~ 0.1 s in our experiments. Hence, the dust cloud can be treated as an MHD fluid.

In water or air or other fluids, a tracer such as aluminum powder or smoke is
often used for visualizing a motion of fluid elements. The tea leaves in a teacup are,
of course, one of the examples of the tracer as well. This is an indirect observation of
the motion because a different tracer has unique characteristics, e.g., a size or a
specific weight. The uniqueness comes down to a variation in trackability of the
tracer to the fluid element and affects the observation results. The various
trackability may give a different result in a measurement. Schlieren imaging and
shadowgraph are often used to visualize a flow, too. These methods observe a
fluctuation of a density or a refractive index. The setting of the optical system, etc.
requires high precision for these methods.

In contrast, in the dust fluid, it is possible to regard each dust particle as a fluid
element itself. The particle can be visualized by illuminating using a visible laser
light in experiments. The laser light suffers Mie scattering because the size of the
dust particle (<10 pm) is usually larger than the wavelength of the visible laser light
(~ several hundreds nm). The motion of the fluid element is directly visualized
without being bothered about both the trackability and the optical precision. It is
worth emphasizing that the visualization is achieved on the spot without time lag in
experiment.

One of the applications of such a dust fluid is the new method to estimate the
dust charge [60]. A dust particle has an electric charge Q in a plasma and levitates at
a height where the electrostatic force due to the sheath electric field E and the
gravitational force f, are balancing, QE = f;, on the ground. In experiments to

measure the charge of an individual dust particle, it has been hard to separate Q and
E independently. In addition, the conventional measurement methods require to
change the experimental setup to measure Q and E. However, by regarding the
collection of dust particles as a fluid, it is possible to measure the resonant fre-
quency of the dust fluid, i.e., the dust plasma frequency by externally applying the
sinusoidal oscillation. The dust charge Q4 is calculated from the resonant fre-
quency. The charge Q, is an averaged charge for all dust particles present in the
experimental region in this case.

In fluid dynamics, the Reynolds number is one of the important parameters. The
Reynolds number is given by (inertial forces)/(viscous forces). The Reynolds num-
ber is also important in the dust flow. There are investigations relating to the widely
changed Reynolds number or the viscosity of dust fluid by the simulation methods
[61, 62]. However, it is hard to observe turbulence in our experiments on the dust
flow, i.e., it is expected that the Reynolds number is rather small even when M > 1.

It is clear that collective behavior of dust particles can be described as a fluid
globally. The fluid picture is held where the MHD conditions are satisfied. Intrinsi-
cally, however, the dust fluid is a group consisting of independent particles. There-
fore, it is expected that the complex plasma includes unique features that is peculiar
to a particle system, i.e., properties that are insufficient and difficult to be described
by the MHD equation or the Navier—Stokes equation. Such a situation is possible
where the MHD conditions do not hold locally. In fact, a few irregular particles are
observed in quite rare case. For example, there is a dust particle whose orbit is
irregular and different from the others in the way like the dust particle is reflected
in a larger angle with faster speed by the obstacle in the bow shock experiment.

In addition, the following experiment may give another example. The schematic
of the experimental device is shown in Figure 9(a) [63]. The dust cloud exists
under an influence of an axisymmetric nonuniform magnetic field applied by a
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Figure 9.
Schematic of the experimental device (a) and the enhanced illustration of the dust cloud (b). The arrows in (b)
ave the directions that the particles at the edges rotate. The magnetic field is vertically upward.

small permanent magnet. The dust particles frequently collide with other particles
surrounding it. Only the dust particles locate quite near the inner edge and the outer
edge rotating along the edges as shown in Figure 9(b). Excluding these edge
regions, the collective motion of dust particles seems to be like a fluid. As described
in the previous paragraph, the dust fluid has high viscosity. In that case, the rotating
particles at the edges have to transfer their momenta to the neighboring particles
and must drag the neighbors to their rotating directions. However, in the experi-
ment, the particles do not drag their neighboring particles. It is considered that, at
both edges, the dust particles behave as individual particles. Hence, the MHD
conditions may be locally broken near the edges, and the particle motion there may
suggest one of the particulate-like properties.

5. Summary and subsequent development

It is found in our experiments that the group of dust particles collectively
behaves in a similar way to a fluid. In the fast flow of M > 1, the bow shock is
formed in front of the obstacle. Under the strong magnetic field applied with the
permanent magnet, the dust fluid shows a dynamic circulation.

In addition, there is the experimental result which may suggest a particle prop-
erty of the group of dust particles. It is expected that the dusty plasma or the
complex plasma bridges the different nature between continuum mechanics such as
fluids and kinetics of particles.

Our results have inspired other researchers in wider fields beyond plasma phys-
ics [64-76]. The followings are examples. Tiwari et al. constructed two-dimensional
generalized hydrodynamic model and discussed on turbulence in a strongly coupled
plasma [64]. They reported that the turbulence was able to occur at a low Reynolds
number if the Weissenberg number was high. Kihler et al. derived the ion suscep-
tibility in a partially ionized plasma [65]. Tadsen et al. reported that the dust cloud
confined in a magnetized plasma was diamagnetic [66]. Gibson et al. gave an
improved understanding of magnetized electron behavior in a dipole magnetic field
[67]. Laishram et al. investigated the dust vortex formation in a plasma [68].

Research on dusty plasmas has a strong influence to various areas of physics as
seen above. Further progress will be expected.
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