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Confinement and structure of electrostatically coupled dust clouds
in a direct current plasma–sheath

S. Nunomura,a) N. Ohno, and S. Takamura
Department of Energy Engineering and Science, Graduate School of Engineering, Nagoya University,
Nagoya 464-8603, Japan

~Received 27 March 1998; accepted 30 June 1998!

Mechanisms for the confinement and the internal structure of an electrostatically coupled dust cloud
formed in a dc glow discharge have been investigated from a comparative viewpoint between
experimental observations and a simple model. Two kinds of dust clouds with different internal
structures are clearly observed, depending on the dispersion of the size distribution of dust particles.
The dust cloud can be trapped only in the plasma–sheath boundary area, corresponding to the
potential minimum region determined by gravitational and electrostatic forces in the cathode sheath.
No dust particles were found deep inside of the sheath, which is consistent with the analysis because
the dust particles may be charged positively due to an extreme reduction of the electron density. The
internal structure of the electrostatically coupled dust cloud was found to be arranged so that the
total potential energy, including the repulsive Coulomb interaction among negative dust particles,
may become minimal. ©1998 American Institute of Physics.@S1070-664X~98!01210-5#
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I. INTRODUCTION

Coulomb crystals formed in dusty plasmas have b
observed in many capacitively coupled rf devices.1–5 These
crystals are composed of dust particles with almost the s
size and may have an ordered internal structure such, as
bcc, or simple hexagonal structure, owing to the repuls
Coulomb interaction among negatively charged d
particles.6 Such a structural formation was analyzed usin
molecular dynamics particle simulation by Totsujiet al.,7,8 in
which the system parameters are described to make tra
tions in the crystal structure. Recently, in several dc gl
discharge devices, Coulomb dust clouds have also b
found. Fortovet al. first observed a Coulomb quasicrystal
the standing striations of a stationary glow discharge,
discussed the factors leading to the formation of a quasic
tal in the striations.9 Nunomuraet al. observed a Coulomb
dust cloud consisting of vertically heterogeneous layers w
different-sized dust particles in the plasma–sheath boun
area.10 They reported that such a vertical heterogene
structure is supposed to be formed by the difference in
ancing positions between the downward gravitational fo
and the upward electrostatic one, depending on the diffe
dust size.

In the field of space plasma physics, it is well known th
dust particles have been found in many planetary rings
comets, and on asteroid surfaces,11,12 whose behavior has
relation to various cosmic phenomena. Heretofore, the
havior of dust particles in a plasma–sheath boundary on
teroidal surfaces has been theoretically investigated by N
et al.,13,14 and the mechanisms of charging and trapping
dust particles were discussed there. However, in the case
dust cloud composed of electrostatically coupled dust p
ticles with negative charge, the confinement and the inte

a!Electronic mail: s-nunomu@echo.nuee.nagoya-u.ac.jp
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structure has not been examined by quantitatively, comp
ing experimental observations with an appropriate analys

In the present paper, the confinement physics of C
lomb dust clouds formed in the dc plasma–sheath bound
is described with several key points: the charging of d
particles in the sheath and the external potential well str
ture. The internal structure is discussed in terms of the
persion of the size distribution of dust particles on the o
hand, and the minimization of total potential energy, inclu
ing the intrinsic repulsive Coulomb interaction, on the oth
hand.

II. EXPERIMENTAL SETUP

The experiments were performed in a modified dc gl
discharge device, which is shown in Fig. 1. Two mesh d
charge electrodes with a diameter of 80 mm and a grid w
spacing of 0.28 mm are horizontally placed in the center
the grounded big vacuum chamber to make a plasma.
gap between these electrodes is 20 mm. The dc glow
charge generates an argon plasma around the negative
ased cathode, not only between the discharge electrode
also above the cathode at a gas pressure of 100–170 m
In a typical operation, the discharge voltage and current
265–300 V and 0.24–0.54 mA, respectively. The typic
plasma parameters measured with a plane Langmuir p
areTe;1 eV andne;13108 cm23. At a height of 12 mm
from the center of the cathode surface, the biasing ring e
trode with the diameter of 40 mm is set to control horizon
confinement of the dust cloud.

The several kinds of spherical dust particles were s
plied into the plasma from the dust feeder located above
cathode to investigate the difference in trapping and inter
structure of the dust clouds. Part of the dust particles fall
into the plasma is trapped in the plasma–sheath boun
area above the center of the cathode while the ring electr
7 © 1998 American Institute of Physics
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is negatively biased, and form a strongly coupled Coulo
dust cloud in a few seconds. On the other hand, in the cas
positive biasing, the dust particles move away horizonta
from the center of the ring and are not confined. Clust
composed of many dust particles happen to fall into
plasma from the feeder. However, they are never trap
because of their huge mass. The trapped dust cloud is
minated by a He–Ne laser light with 632.8 nm in waveleng
and 10 mW in output power. The laser light is expand
vertically with a cylindrical lens to catch the hole side vie
The thickness and the breadth of the laser sheet are a
700mm and 20 mm, respectively. The illuminated dust clo
was observed through the side window of the vacuum ve
by using an image-intensified charge-coupled device cam
~ICCD camera! with a macrolens of 200 mm. These imag
are recorded at the rate of 60 frames per second with
shuttering period of 10 ms on a conventional videotape.

III. EXPERIMENTAL RESULTS

Figure 2 shows two different types of dust clou
trapped above the center of the cathode at the same disch
condition. The dust cloud is observed only at the plasm
sheath boundary area, i.e., no dust particles are found
inside of the sheath. Both clouds have a shape like a th
dimensional funnel with its vertex at the bottom, and th
vertical thickness is 1.5–2.5 mm. The shape and inte
structure are stable for a long time if the discharge para
eters are kept constant, although the dust particles in
clouds are slowly fluctuating around the equilibrium po
tions, and sometimes exchange those positions for one
other. The cloud in Fig. 2~a! is composed of dust particle
with the radius of 0.1–1mm, that is, there is a very larg
dispersion of the size distribution. The heterogeneous ve
cal structure of this cloud seems to be made of many h
zontal layers, each of which has almost the same sized
ticles, but the size of particulate becomes large for the d
layers. The mean interparticle distance becomes large w
approaching the bottom, where it is about 380mm. In con-
trast, the dust cloud shown in Fig. 2~b! consisted of particles
with the radius of 1.560.25mm, corresponding to a sma
dispersion on the size distribution. The dust cloud is c
structed by a few horizontal layers periodically located in

FIG. 1. Schematic view of the experimental apparatus. The argon plasm
produced around the negatively biased cathode by dc glow discharge
electrostatically coupled dust cloud is trapped at the center of the bia
ring electrode in the plasma–sheath boundary area.
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vertical direction with a clear finite separation. In each lay
dust particles also seem to be arranged with a regular in
val. The mean interparticle distances are about 380mm in the
horizontal and 490mm in the vertical directions, respec
tively. Furthermore, by carefully looking at the image
seems to us that the interparticle distances in the up
planes are smaller than those in the lower ones, and the l
particles in the distribution levitated in the lower plane
which can be seen in the image due to their greater brig
ness. It is thought that the large particles acquire large ne
tive charges, and the Debye length in the lower area of
cloud is larger due to the reduction of the shielding ion de
sity, so that the interparticle distances become larger. Su
discrete layered structure is quite different from the abo
mentioned heterogeneous dust cloud. Careful observatio
these two structures reveals that the internal structure
pends critically on the dispersion of the size distribution
the dust particles. Therefore, we can say that the dust c
is constructed with a more ordered internal structure wit
smaller dispersion of the size distribution.

The Coulomb coupling parameterG is determined by the
ratio of the Coulomb potential energy to the thermal ene
of particles.15,16 It is a measure of electrostatically couplin
strength of such a plasma. HereG is represented by

G5
Qd

2

4pe0d•kBTd
expS 2

d

lD
D , ~1!

where Qd is the charge on a dust particle,d is the mean
interparticle distance, andTd is the temperature for therma
motion of dust particles. In the above-mentioned plasma
rameters, the Debye lengthlD is estimated to be 240–53
mm, with the assumption of ion temperature of 0.1–0.5 e
and the charge on a dust particle with micrometer size
inferred to be thousands of electrons, which is described
the next section. So,G is calculated to be 10–380 for th

is
he

ng

FIG. 2. Two images of typical three-dimensional funnel-shaped dust clo
with ~a! the vertically heterogeneous multiple layers and with~b! the super-
position of a few discrete horizontal layers. The dust particles with t
different dispersions of size distribution are employed to demonstrate
mechanism for the internal structural formation.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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heterogeneous dust cloud, and 120–780 for the latter ord
cloud, by assumingTd;300 K, respectively. These value
indicate that dust particles in both clouds are stron
coupled through the repulsive Coulomb interaction to e
other.

IV. SPACE POTENTIAL PROFILE IN THE CATHODE
SHEATH

In order to make clear the mechanism of the confinem
and the internal structure of the observed dust clouds,
necessary to estimate the space potential profile and
charges on each dust particle in the sheath formed in fron
the cathode surface. The profile of space potential in
sheath is generally inferred from the behavior of ions flow
from the plasma. At a high gas pressure, as mentioned in
previous section, the ions accelerated by a downward ele
field in the sheath collide frequently with gas molecules. T
equation of motion for ion fluid is expressed as follows:

nimi

dn id

dt
5nieEs2

nimin id

t i –n
, ~2!

wheren id is the mean velocity for drifting ions induced b
the electrostatic field in the sheath,t i –n is the collision time
for drifted ions with molecules andEs is the downward elec-
trostatic field in the sheath. In a steady state, the rela
between the ion drift velocity and the electrostatic field
represented by

eEs5
min id

t i –n
. ~3!

Here, the ion–molecule collision time is given byt i –n

5l i –n /n id when the drifted ion velocity is much larger tha
the ion thermal velocity, so that the ion drift velocity is d
rived to be

n id5Ael i –nEs

mi
5m iEs

1/2, ~4!

wherel i –n is the mean-free path for drifted ions collidin
with molecules andm i is given by (el i –n /mi)

1/2. As the
recombination and the ionization are neglected in the she
the ion flux streaming from the plasma toward the negativ
biased cathode surface is conserved so that the ion dens
given by the following continuity equation:

nin id5nseCs , ~5!

wherense andCs are the plasma density and the drifted i
velocity at the sheath edge, respectively. The ion flow vel
ity at the sheath edge is assumed to be the ion sound vel
Cs .17 The electrostatic potentialVs in the cathode sheath i
given by ionic space charge though the Poisson equatio

¹2Vs52
e~ni2ne!

e0
;2

eni

e0
. ~6!

The electron density is generally much less than the ion d
sity in the sheath due to a large negative potential agains
penetration of plasma electrons, so we can neglect it.
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substitution of Eqs.~4! and ~5! into Eq. ~6! gives the distri-
bution of space potential with respect to the bulk plas
potential as follows:10,18

Vs52
3

5 S 3

2

enseCs

e0m i
D 2/3

~d2z!5/3, ~7!

whered is the thickness of the cathode sheath andz is the
height from the cathode surface. From substituting the p
viously mentioned plasma parameter and the discharge v
age of 290 V into Eq.~7!, d is estimated to be about 26 mm
which agrees well with the experimentally observed thic
ness of the dark space on the cathode.

V. CHARGING ON A DUST PARTICLE

The chargeQd on a dust particle in the plasma–sheath
generally given by the product of the capacitanceCd and the
floating voltageVf of the dust particle, i.e.,Qd5Cd•Vf . For
a spherical dust with the radius ofr d , Cd is obtained to be
4pe0r d so that the typical charge on a dust particle withr d

51 mm may be an order of thousands of elementary elec
charge for a few eV inVf . The floating voltage is generally
determined by the balance between the electron and the
current flowing into the surface of a dust particle. Here,Vf is
defined as the potential difference between the surface o
dust particle and the space around the dust. The elec
current into a spherical dust is given for the Maxwel
Boltzmann distribution by19

I e524pr d
2e

ne

4 S 8kBTe

pme
D 1/2

expS e~Vs1Vf !

kBTe
D , ~8!

where the density reduction of electrons due to the poten
drop in the sheath is included. The ion current into a dus
described by19

I i5pr d
2eni S kBTe

mi
D 1/2S 12

2eVf

kBTi1min id
2 D , ~9!

which includes the collection of ions due to the orbit mod
fication by the Coulomb collision with a negatively charg
dust particle. In the equilibrium, the floating voltage shou
be given for these two currents to balance, i.e.,I e1I i50. In
the case ofne5ni , that is, the dust density is much small
thanne , Vf is eventually represented to satisfy the followin
equation:20

S 8kBTe

pme
D 1/2

expS e~Vs1Vf !

kBTe
D

5S kBTe

mi
D 1/2S 12

2eVf

kBTi1min id
2 D . ~10!

The space potential profile and floating voltage of the d
particle near the cathode sheath edge are shown in Fi
under the experimental condition, in whichVf is numerically
obtained. The space potential decreases gradually at
sheath edge and is sharply dropped in the deep inside.
dust particle is charged up negatively only in the plasm
sheath boundary area. Interestingly, the floating voltage
proaches zero in a little bit inside of the sheath, and beco
positive in the deep area because of an extreme reductio
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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the electron density due to the high potential barrier
plasma electrons. The fact that the charge polarity of a d
particle changes in the sheath is quite important for the le
tation depth of the dust cloud, which is described in detai
the next section.

VI. CONFINEMENT FOR DUST PARTICLES

In the dc plasma–sheath without a magnetic field, va
ous forces are at work on dust particles, such as the gra
tion, the external electrostatic force, the repulsive Coulo
force among dust particles, and the friction force with io
and molecules.21 For the horizontal trapping, we conside
that the dust cloud is radially confined by the inward ele
trostatic force based on the outward electrostatic field
duced by the ring biasing electrode. It is considered that
inward electrostatic force is larger than the repulsive C
lomb force among dust particles. We assume that the att
tive force among negatively charged dust particles, suppo
to be generated by the compensation of positive ions
mersing them, could be negligibly small.

For the vertical levitation of the dust cloud, we suppo
that the upward electrostatic forceFE based on the externa
electrostatic field in the sheath suspends negatively cha
dust particles against the downward gravitational forceFg .
The other forces working on a dust particle withr d;1 mm
are estimated to be smaller than these two forces by an o
of magnitude. The equilibrium condition between bo
forces,Fg5FE , gives the relation between the radius of
dust particle and the balancing position as follows:10,13,14

r d5S 3e0Vf

rg D 1/2S 3

2

enseCs

e0m i
D 1/3

~d2z!1/3, ~11!

wherer is the mass density for the material of dust particl
Figure 4~a! shows the relation between size of a dust parti
and the equilibrium height. We find that an upper size lim
of the dust particles that can be levitated isr d;2.7mm. In
the deep inside area of the sheath, there is no equilibr
point, in spite of the presence of the large electrostatic fi
because the dust particle has a positive charge there
shown in Fig. 3. Thereby, we can say that dust particles

FIG. 3. Space potentialVs ~broken line! in the cathode sheath with respe
to the plasma potential, and the floating potentialVf ~solid line! of a dust
particle with respect to the local space potential. The polarity ofVf changes
at a little bit inside of sheath, andVf becomes positive in the deep inside
sheath.
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not supported against gravitational force deep inside
sheath because of the downward electrostatic force on a
particle. On the contrary, there are two equilibrium points
a dust particle near the sheath edge. The dust particle loc
at the lower equilibrium point has a smaller negative cha
in the larger electric field, in comparison with that at th
higher equilibrium point. To specify whether these two eq
librium points are stable or not, the potential energyUext

profiles for a single dust particle due to the gravitational a
the electrostatic forces are plotted in Fig. 4~b!, taking the
radius of the dust sphere as a parameter. It is quite obv
that the equilibrium point located on the lower side of t
sheath is found to be unstable, corresponding to the m
mum of the potential energy distribution, and another eq
librium point in the plasma facing side is stable due to t
potential well.

In addition, the potential energy curves gives us the b
rier energy of a confined dust particle. The barrier ene
DU determined by the energy difference between the ma
mum and the minimum is shown in Fig. 5 as a function
the dust radius. It indicates thatDU becomes maximum a
r d;1.5mm. The barrier energy is an order of 10216 J in a
range of r d50.1– 1.7mm, that is,DU corresponds to the
potential barrier of a few volts for a dust particle with seve
thousands of electrons. Therefore, the potential barrier
ergy is much larger than the thermal kinetic energy of d
particles at room temperature by four orders of magnitu
so that dust particles are thought to be well confined at
potential minimum. The dust particle with large barrier e
ergy is robust for confinement against electrostatic fluct
tion in the discharge and the thermal motion of dust partic
Consequently, dust particles are only confined in

FIG. 4. The equilibrium position of dust particles between the downw
gravitational force and the upward electrostatic force in~a!, and the profile
of potential energyWext for a single dust particle coming from the gravita
tional and the upward electrostatic forces in the sheath, as shown in~b!. The
unstable equilibrium position is shown as a broken line in~a! corresponding
to the maximum point for the potential curve in~b!. The potential energy is
calculated with respect to that at the sheath edge.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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plasma–sheath boundary area, that is, in the potential
made from the upward electrostatic and downward grav
tional forces, which agrees with the levitation area of o
served dust clouds.

For the behavior of a trapped dust particle in the pot
tial well, the potential curve also implies that the dust p
ticle may vibrate vertically around the potential minimu
with the eigenfrequency given by the potential dist
bution.13,14 If the displacement of a dust particle at the eq
librium point is small enough, that is, the energy for t
eigenoscillation is smaller than the potential barrier ener
we can assume the potential well curve as a parabolic fu
tion: Uext5kz2/2. Hence, the eigenfrequencyf is expressed
as follows:

f 5
1

2p
A k

md
, ~12!

wherek is the coefficient describing the potential well cur
shown in Fig 4~b!. The typical value ofk is about 1
310210 N/m for the charged dust particle, withr d

;1.5mm under our experimental condition. Then, the eige
frequency is estimated to be around 10 Hz. It is thought t
this simple calculation is overestimated in comparison w
the real eigenfrequency, because we are not taking the
tion with plasma particles and molecules into account in
above expression. In the high gas pressure, we suppose
dust particles vibrate more slowly at the potential minimu

VII. INTERNAL STRUCTURE OF DUST CLOUD AND
DISCUSSION

In this section, we discuss the mechanism for the inter
structural formation of the observed dust clouds in comp
son with a simple analytical model. For the heterogene
layered structure of the dust cloud shown in Fig. 2~a!, the
key point is that the balancing position and the charge
each dust particle depend on the particle size. The st
equilibrium positions balancing the electrostatic upwa
force with the gravitational downward force are distribut
over the sheath edge shown in Fig. 4~a!, in which a large
dust particle is balanced at a lower part of the sheath. Th

FIG. 5. The potential barrier energy for dust particles as a function of d
size. The dust particle withr d;1.5mm may have maximum barrier poten
tial energy. The vertical axis on the right hand indicates the energy uni
eV.
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fore, it is thought that the heterogeneous structure can
explained mainly by the difference of stable equilibrium p
sitions of dust particles distributed over the plasma–she
boundary area according to the size distribution. Con
quently, the heavier and larger dust particles are locate
the lower part of the sheath to obtain the larger upward e
trostatic force. In addition, this interparticle distance is larg
than the one between the small particles located in the up
part of the sheath because large particles acquire large n
tive charges depending on the dust size, and the De
length in the lower area of the cloud is larger due to t
reduction of the shielding ion density.

On the contrary, in the case of discrete layered struct
composed of particles with the small dispersion, the abo
mentioned argument is not enough to explain the phys
mechanism of its internal structural formation. The force b
ance analysis for the dust cloud with monodisperse parti
predicts a monolayered structure, since there is only
stable equilibrium position in the sheath. In fact, it seems
us that the dust cloud tends to expand its structure vertic
by repulsive Coulomb interaction among dust particles, si
the dust cloud is radially pushed inward by the electrosta
field induced by the negatively biased ring electrode. In
der to explain the observed Coulomb dust cloud with a d
crete layered structure, we should take the potential ene
coming from the repulsive Coulomb force into account. W
consider the internal force of the dust cloud with discre
layered structure as modeled in Fig. 6, in which the d
cloud is assumed to be composed of infinite parallel lay
with a constant separation in the vertical direction. T
model considers the layer composed of a triangular lat
with negatively charged dust particles at its lattice point.
such a model, the total potential energy of the dust cloud
given by the sum of potential energies coming from t
gravitational force, electrostatic force in the sheath, and
repulsive Coulomb force among negatively charg
particles.9 The potential energy of a single particle for
gravitational and electrostatic force has already been giv
as shown in Fig. 4~b!. To simplify the calculations, we ap
proximate the potential well curve for confinement as a pa
bolic function again. Then, its potential energyWext for the
cloud with the layer number ofN per unit area is expresse
by

st

in

FIG. 6. Model for the electrostatically coupled dust cloud, which is assum
to be made of discrete layers with the regular interval in the vertical dir
tion. Negatively charged dust particles are arranged in a triangular lattic
the layer.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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Wext5(
i

N kzi
2

2

s

N
, ~13!

wherezi is the height of each layer ands is the dust particle
density per unit area. We note thatWext becomes zero for the
monolayered dust cloud, and it becomes large for a th
dust cloud with a small number of layers if keepings con-
stant.

For the Coulomb coupling energy among particles,
consider both energy coming from the force between disc
layers and the one among dust particles on the same l
with a triangular lattice. The shielded Coulomb potential e
ergy WC layer between different layers per unit area is giv
by ~see the Appendix!

WC layer5(
i ,

(
j ; iÞ j

lDs2Qd
2

4e0N2 expS 2
zi j

lD
D , ~14!

where the summation is carried out for all layers. He
WC layer also becomes zero in the case of a monolayer, an
tends to become large for a thin dust cloud with many lay
at constants because the interlayer space becomes narr
The repulsive Coulomb potential energyWC lattice among
negatively charged dust particles on the same layer per
area is given by

WC lattice5 (
j ,iÞ j

in layer sQd
2

8pe0r i j
expS 2

r i j

lD
D , ~15!

where r i j is the distance between two dust particles on
same layer, and the summation is carried out for all d
particles on the horizontal layer. Equation~15! indicates that
WC lattice becomes large when the number of layers decrea
as s is kept constant because the interparticle distance
comes small.

Eventually, the total potential energyWtot is given by

Wtot5Wext1WC layer1WC lattice. ~16!

Figure 7~a! shows the contour plots of total potential ener
of the dust cloud, including the shielded repulsive Coulo
interaction in the parameter space of layer numberN and
thicknessD of the cloud. The numerical analysis is carrie
out under the following conditions:lD5530mm, Qd

54000e, s543107 m22, andk51310210 N/m. We dis-
tinguish a minimum point in the parameter space, cor
sponding to six layers with a thickness of about 2 mm. Su
an internal structure given by the present simple analysi
consistent with that of the observed dust cloud. The s
distributions for the components of the total potential ener
Wext, WC layer, WC lattice, and Wtot on the horizontal lines
with D52 mm and the vertical line withN56 are shown in
Figs. 7~b! and 7~c!, respectively. It indicates that the Cou
lomb energy between layers has about half of the total
tential energy near the minimum point, and two other co
ponents, i.e.,Wext and WC lattice, share another half of the
total. In relation to the transition in the layer number of t
cloud, we note that the Coulomb interaction between lay
becomes strong when the layer number increases. On
other hand, the Coulomb interaction among particles
comes dominating when the layer number decreases.
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thermore, concerning the change in the cloud thickness,
note that the Coulomb interaction energy between layers
comes large with a decrease in cloud thickness, and the
tential energy for vertical confinement increases for the th
cloud. Therefore, we can conclude that the electrostatic
coupled dust cloud is self-organized so that a total poten
energy including repulsive Coulomb interactions among d
particles may have a minimum.

In order to discuss the stability for such a multilayer
structure, it is necessary to take the self-gravity effect o
whole dust cloud into account.22 The self-gravity produces a
vertical pressure on a strongly coupled dust cloud so that
suppose that the trapping height is pushed down. The st
structure might be destroyed by this effect, especially aro
the bottom of the cloud. Then, we evaluate the stability
the internal structure from a comparative viewpoint betwe
the transition energy and the thermal kinetic energy. T
thermal kinetic energyWthermal for the dust cloud with the
temperature ofTd per unit area is represented by

Wthermal5
3
2skBTd . ~17!

For the dust cloud withTd5300 K, the thermal kinetic en-
ergy is about 2.5310213 J/m22. For example, the transition
energy of the dust cloud withD52 mm for the layer number
from N56 to N55 or 7 is 1.121.4310211 J/m2, and it
corresponds to 44–56 times as large as the thermal ene
Therefore, we concluded that the transition in structure
duced by thermal motion of dust particles at room tempe
ture would be quite difficult, so that it is reasonably cons

FIG. 7. Contour plots~a! of the total potential energy of the dust cloud
including the shielded Coulomb interaction among particles in param
space of the thicknessD and the layer numberN of the cloud. Numerical
figures on the contours represent the potential energy with units of J/m2. The
slice distributions of the total potential energy on the broken lines thro
A–A8 (D52) andB–B8 (N56) are plotted in~b! and ~c!, respectively,
together with several components of one. The cloud withD;2 mm andN
56 has a minimum of total potential energy under the present experime
condition.
icense or copyright, see http://pop.aip.org/pop/copyright.jsp
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tent with our experimental observation, that is, the inter
structure of the dust cloud with discrete layers is sta
maintained for a long time.

Finally, the mechanism for the formation of the funne
shaped structure of dust clouds is not clear at the momen
order to explain such an interesting structure, the abo
mentioned simple argument is not sufficient, namely,
should take account of other factors, for example, the ef
of the radial electrostatic field with a certain vertical depe
dence near the sheath edge and the space-charge comp
tion by the ion fluid immersing between negatively charg
dust particles. This subject remains to be clarified in the
ture.

VIII. CONCLUSION

The mechanisms of the confinement and the inter
structure of an electrostatically coupled dust cloud are inv
tigated from the comparison of the experiment with t
simple numerical modeling. In the dc plasma–sheath,
identified an upper limit of dust size for the dust suspensi
The dust particles are trapped at one of two equilibrium
sitions and are stable due to the robust potential well. T
other equilibrium position at deep inside the sheath is
stable due to the potential maximum. The dispersion of
size distribution of the dust particles drastically changes
internal structure of the electrostatically coupled cloud. T
overall Coulomb coupling energy influences the structu
formation so much that the discrete layers are formed
minimize the total potential energy, including the intern
Coulomb interaction among charged particles in the d
cloud with a small dispersion of the size distribution.
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APPENDIX: THE DERIVATION OF COULOMB
POTENTIAL ENERGY BETWEEN THE DISCRETE
LAYERS

In this appendix, we give a derivation of the potent
energy for the repulsive Coulomb interaction between
discrete layers, as expressed in Eq.~14!. The electrostatic
potential distributionV formed by an infinite charged she
immersed in the plasma is given by the Poisson’s equatio
one dimension:

d2V

dz2 52
e~ni2ne!

e0
. ~A1!

In a steady-state situation, the densitynj of plasma particles
is given by a Maxwell–Boltzmann distribution:nj

5n0 exp(2eV/kBTj ), wheren0 is the density far away from
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the charged sheet. In the region whereueV/kBTj u!1, we can
expand the exponential in a Taylor series so that the P
son’s equation is represented:

d2V

dz2 .2
n0e2

e0kB
S 1

Ti
1

1

Te
DV5

1

lD
2 V. ~A2!

The general solution for such a differential equation is w
known as the following equation:

V5V0 expS 2
uzu
lD

D , ~A3!

whereV0 is the potential on the charged sheet:z50. HereV0

is determined by the boundary condition for the electrosta
field E0 on the charged sheet. Also,E0 is obtained by Gauss
law by E05Qds/2«0 . So,V0 is given by a connection with
Eq. ~A3!,

V05
lDsQd

2e0
. ~A4!

Therefore, the potential energyW for the repulsive Coulomb
interaction between the two charged sheets with a gap ozi j

per unit of area is eventually derived as the following equ
tion:

W5
1

2
sQdV5

lDs2Qd
2

4e0
expS 2

zi j

lD
D . ~A5!

Here, we note thatW depends strongly onlD , and it may
diverge with an extreme increase oflD . In the case of many
sheets in the plasma, the potential energy for a repuls
Coulomb interaction between layers is given by summ
them for all layers.
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