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Confinement and structure of electrostatically coupled dust clouds
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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 Physid$$1070-664X98)01210-5

I. INTRODUCTION structure has not been examined by quantitatively, compar-
Coulomb crystals formed in dusty plasmas have beernd experimental observations Wlth'an approprlat.e analysis.
In the present paper, the confinement physics of Cou-

observed in many capacitively coupled rf deviceSThese lomb dust clouds formed in the dc plasma—sheath boundary

crystals are composed of dust particles with almost the same. .\ cribed with several key points: the charging of dust

size and may have an ordered internal structure such, as fc¢, . . .
. . . “particles in the sheath and the external potential well struc-
bcc, or simple hexagonal structure, owing to the repulswc%)

; ) . ure. The internal structure is discussed in terms of the dis-
Coulomb interaction among negatively charged dust

.6 . . ersion of the size distribution of dust particles on the one
particles? Such a structural formation was analyzed using R . .
. . ) ; 78 and, and the minimization of total potential energy, includ-
molecular dynamics particle simulation by Totseijial,,"“in

which the system parameters are described to make tran%l?_agnghe intrinsic repulsive Coulomb interaction, on the other

tions in the crystal structure. Recently, in several dc glow
discharge devices, Coulomb dust clouds have also been
found. Fortovet al. first observed a Coulomb quasicrystal in !l EXPERIMENTAL SETUP

the standing striations of a stationary glow discharge, and e experiments were performed in a modified dc glow
discussed the factors leading to the formation of a quaSicry%ischarge device, which is shown in Fig. 1. Two mesh dis-
tal in the stnaﬂgné’. Nunomuraet al. observed a Coulomb  harge electrodes with a diameter of 80 mm and a grid wire
dust cloud consisting of vertically heterogeneous layers W't@pacing of 0.28 mm are horizontally placed in the center of
different-sized dust particles in the plasma—sheath boundagy,o grounded big vacuum chamber to make a plasma. The
area'” Th'ey reported that such a vertical 'heteroge'neouaap between these electrodes is 20 mm. The dc glow dis-
structure is supposed to be formed by the difference in balaparge generates an argon plasma around the negatively bi-
ancing positions between the downward gravitational force,eq cathode, not only between the discharge electrodes but
and th_e upward electrostatic one, depending on the differenfis apove the cathode at a gas pressure of 100—170 mTorr.
dust size. o In a typical operation, the discharge voltage and current are
In the field of space plasma physics, it is well known thatygs_300 v and 0.24-0.54 mA, respectively. The typical
dust particles have been found in many planetary rings, ilasma parameters measured with a plane Langmuir probe
comets, and on asteroid surfac¢é$? whose behavior has a areT,~1 eV andn,~1x10° cm 3. At a height of 12 mm
relation to various cosmic phenomena. Heretofore, the begom the center of the cathode surface, the biasing ring elec-

havior of dust particles in a plasma—sheath boundary on agzqe with the diameter of 40 mm is set to control horizontal
teroidal surfaces has been theoretically investigated by Nitt€(,finement of the dust cloud.

et al.,13’14_ and the mechanisms of charging and trapping of  the several kinds of spherical dust particles were sup-
dust particles were discussed there. _However, in the case Ofp'fied into the plasma from the dust feeder located above the
dust cloud composed of electrostatically coupled dust parzaihode to investigate the difference in trapping and internal
ticles with negative charge, the confinement and the intemalictyre of the dust clouds. Part of the dust particles falling
into the plasma is trapped in the plasma-sheath boundary
3Electronic mail: s-nunomu@echo.nuee.nagoya-u.ac.jp area above the center of the cathode while the ring electrode
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FIG. 1. Schematic view of the experimental apparatus. The argon plasma is Bed gt vevi bt ot 8
produced around the negatively biased cathode by dc glow discharge. The E AT PO I
electrostatically coupled dust cloud is trapped at the center of the biasing ®

ring electrode in the plasma-sheath boundary area. ¢

is negatively biased, and form a strongly coupled Coulomb
dust cloud in a few seconds. On the other hand, in the case Bf_tGh- (2) tThWO imtf_vlgeus %f ttypical three-dimﬁnslioral funnegsgé}iid dust clouds
" P . . ith (a) the vertically heterogeneous multiple layers an e super-
! . ; osition of a few discrete horizontal layers. The dust particles with two
positive biasing, the dust particles move away horizontall A y o
from the center of the ring and are not confined. Clustergjierent dispersions of size distribution are employed to demonstrate the
composed of many dust particles happen to fall into themechanism for the internal structural formation.
plasma from the feeder. However, they are never trapped
because of their huge mass. The trapped dust cloud is illu-
minated by a He—Ne laser light with 632.8 nm in wavelength . N : - .
and 10 mW in output power. The laser light is expandedvertlcal direction with a clear finite separation. In each layer,
. . A : . : dust particles also seem to be arranged with a regular inter-
vertically with a cylindrical lens to catch the hole side view. . . ) .
. v?l. The mean interparticle distances are about380n the
The thickness and the breadth of the laser sheet are about : : N
. . . horizontal and 490um in the vertical directions, respec-
700 um and 20 mm, respectively. The illuminated dust CIOUdtiveI Furthermore. by carefully looking at the image it
was observed through the side window of the vacuum vessel Y. » Y Y 9 9

. : . o . Seems to us that the interparticle distances in the upper
by using an image-intensified charge-coupled device camer;

(ICCD camerawith a macrolens of 200 mm. These imagesglanes are smaller than those in the lower ones, and the large

. Barticles in the distribution levitated in the lower planes,
are recorded at the rate of 60 frames per second with thwhich can be seen in the image due to their greater bright-
shuttering period of 10 ms on a conventional videotape. . 9 . 9 9

ness. It is thought that the large particles acquire large nega-

tive charges, and the Debye length in the lower area of the

IIl. EXPERIMENTAL RESULTS cloud is larger due to the reduction of the shielding ion den-

Figure 2 shows two different types of dust clouds Sity, so that the interparticle distances become larger. Such a
trapped above the center of the cathode at the same dischargicrete layered structure is quite different from the above-
condition. The dust cloud is observed only at the p|asmarnentioned heterogeneous dust cloud. Careful observation of
sheath boundary area, i.e., no dust particles are found deébese two structures reveals that the internal structure de-
inside of the sheath. Both clouds have a shape like a thredends critically on the dispersion of the size distribution of
dimensional funnel with its vertex at the bottom, and theirthe dust particles. Therefore, we can say that the dust cloud
vertical thickness is 1.5—-2.5 mm. The Shape and interndﬁ constructed with a more ordered internal structure with a
structure are stable for a long time if the discharge paramsmaller dispersion of the size distribution.
eters are kept constant, although the dust particles in the The Coulomb coupling parametEris determined by the
clouds are slowly fluctuating around the equilibrium posi-ratio of the Coulomb potential energy to the thermal energy
tions, and sometimes exchange those positions for one aff Particles:>*°It is a measure of electrostatically coupling
other. The cloud in Fig. @) is composed of dust particles Strength of such a plasma. Helreis represented by
with the radius of 0.1-1um, that is, there is a very large Q2 d
dispersion of the size distribution. The heterogeneous verti- I'= Tmed koTs exy{ — )\—)
cal structure of this cloud seems to be made of many hori- Tt R ld D
zontal layers, each of which has almost the same sized pawhere Q4 is the charge on a dust particld,is the mean
ticles, but the size of particulate becomes large for the deemterparticle distance, andy is the temperature for thermal
layers. The mean interparticle distance becomes large whanotion of dust particles. In the above-mentioned plasma pa-
approaching the bottom, where it is about 38®. In con-  rameters, the Debye lengh, is estimated to be 240-530
trast, the dust cloud shown in Fig(l2 consisted of particles um, with the assumption of ion temperature of 0.1-0.5 eV,
with the radius of 1.50.25um, corresponding to a small and the charge on a dust particle with micrometer size is
dispersion on the size distribution. The dust cloud is coninferred to be thousands of electrons, which is described in
structed by a few horizontal layers periodically located in thethe next section. Sd; is calculated to be 10-380 for the

@
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heterogeneous dust cloud, and 120-780 for the latter orderelibstitution of Eqs(4) and(5) into Eq. (6) gives the distri-
cloud, by assuming@ 4~ 300 K, respectively. These values bution of space potential with respect to the bulk plasma
indicate that dust particles in both clouds are stronglypotential as follows?®

coupled through the repulsive Coulomb interaction to each

3 (3 enC\ %
other. —_ T |2z sexs — »\5/3
Vs 5(2 €oMi ) (6=2)% @
where § is the thickness of the cathode sheath arid the
IV. SPACE POTENTIAL PROFILE IN THE CATHODE height from the cathode surface. From substituting the pre-
SHEATH viously mentioned plasma parameter and the discharge volt-

age of 290 V into Eq(7), Jis estimated to be about 26 mm,
In order to make clear the mechanism of the confinemenivhich agrees well with the experimentally observed thick-
and the internal structure of the observed dust clouds, it isess of the dark space on the cathode.
necessary to estimate the space potential profile and the
charges on each dust particle in the sheath formed in front of. CHARGING ON A DUST PARTICLE

the cathode surface. The profile of space potential in the o )
The chargeQ, on a dust particle in the plasma—sheath is

sheath is generally inferred from the behavior of ions flowing - ;
enerally given by the product of the capacita@geand the

from the plasma. At a high gas pressure, as mentioned in tl“% : I fthe d icle. i i
previous section, the ions accelerated by a downward electric®@ting voltageV; of the dust particle, i.eQq=Cqy- Vy . For

field in the sheath collide frequently with gas molecules. The? SPherical dust with the radius of, Cq is obtained to be
equation of motion for ion fluid is expressed as follows: ~ 47€ola SO that the typical charge on a dust particle wigh
=1 um may be an order of thousands of elementary electric
dvig Nim; vig charge for a few eV iV;. The floating voltage is generally
Tar e Tin @ determined by the balance between the electron and the ion
current flowing into the surface of a dust particle. Hafejs
defined as the potential difference between the surface of the
dust particle and the space around the dust. The electron
current into a spherical dust is given for the Maxwell—

Boltzmann distribution by

n;m;

where vy is the mean velocity for drifting ions induced by
the electrostatic field in the sheath, ,, is the collision time
for drifted ions with molecules anf; is the downward elec-
trostatic field in the sheath. In a steady state, the relatio
between the ion drift velocity and the electrostatic field is

ted b Ne (8kgTe| Y2 e(Ve+V
represented by o= —dmrZe Ze ( an e) ox ( kST ) | ®
m; vig e Ble
ek= o 3 where the density reduction of electrons due to the potential

) o ) o drop in the sheath is included. The ion current into a dust is
Here, the ion—molecule collision time is given hby_, described by’

=\;_n/vig When the drifted ion velocity is much larger than

the ion thermal velocity, so that the ion drift velocity is de- . [keTe|M? 2eV
_ li=mrien| — -, 9
rived to be i kgTi+m;viy
eNi_nEs 72 which includes the collection of ions due to the orbit modi-
Vid= m, =miEs”, (4)  fication by the Coulomb collision with a negatively charged

) ) ) ~ dust particle. In the equilibrium, the floating voltage should
where\_ is the mean-free path for drifted ions colliding pe given for these two currents to balance, ig%1;=0. In
with molecules andu; is given by @\i_n/m;)™* As the  the case oh,=n;, that is, the dust density is much smaller

recombination and the ionization are neglected in the sheatizann, , v, is eventually represented to satisfy the following
the ion flux streaming from the plasma toward the negativelyaquatior?

biased cathode surface is conserved so that the ion density is

/
given by the following continuity equation: (SKBTe 1 exy{ e(VstVy)
m kgT
Nivig=NsCs, 5 e Ble
. e kgTe) Y2 2eV;
whereng, andCg are the plasma density and the drifted ion :( B e) ( _ —2_) (10)
velocity at the sheath edge, respectively. The ion flow veloc- m; kgTi+m;vig

ity at the sheath edge is assumed to be the ion sound veloCifhe space potential profile and floating voltage of the dust
C,.!" The electrostatic potentials in the cathode sheath is particle near the cathode sheath edge are shown in Fig. 3
given by ionic space charge though the Poisson equation: ynder the experimental condition, in whibh is numerically
e(n;—ny) en obtained. The space potential decre_:ases gradu_ally at the
VWVg=-— ~— —. (6)  sheath edge and is sharply dropped in the deep inside. The
dust particle is charged up negatively only in the plasma—
The electron density is generally much less than the ion dersheath boundary area. Interestingly, the floating voltage ap-
sity in the sheath due to a large negative potential against theroaches zero in a little bit inside of the sheath, and becomes
penetration of plasma electrons, so we can neglect it. Thpositive in the deep area because of an extreme reduction of
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the electron density due to the high potential barrier for z [mm]

plasma electrons. The fact that the charge polarity of a dustiG. 4. The equilibrium position of dust particles between the downward
particle changes in the sheath is quite important for the levigravitational force and the upward electrostatic forcéan and the profile

; PRI ; ; i1 :-0f potential energwV,,, for a single dust particle coming from the gravita-
:ﬁgo:e?(tez:]cg(f);he dust cloud, which is described in detail Intional and the upward electrostatic forces in the sheath, as shotlh ifhe

unstable equilibrium position is shown as a broken linéaincorresponding
to the maximum point for the potential curve (ip). The potential energy is

VI. CONFINEMENT FOR DUST PARTICLES calculated with respect to that at the sheath edge.

In the dc plasma—sheath without a magnetic field, vari-

ous forces are at work on dust particles, such as the gravitqot supported against gravitational force deep inside the
tion, the external electrostatic force, the repulsive Coulomiheath because of the downward electrostatic force on a dust
force among dust particles, and the friction force with ionsparticle. On the contrary, there are two equilibrium points for
and molecule$! For the horizontal trapping, we consider a dust particle near the sheath edge. The dust particle located
that the dust cloud is radially confined by the inward elec-at the lower equilibrium point has a smaller negative charge
trostatic force based on the outward electrostatic field inin the larger electric field, in comparison with that at the
duced by the ring biasing electrode. It is considered that th@igher equilibrium point. To specify whether these two equi-
inward electrostatic force is larger than the repulsive Couiibrium points are stable or not, the potential enetdy
lomb force among dust particles. We assume that the attragrofiles for a single dust particle due to the gravitational and
tive force among negatively charged dust particles, supposefle electrostatic forces are plotted in Fighy taking the
to be generated by the compensation of positive ions imradius of the dust sphere as a parameter. It is quite obvious
mersing them, could be negligibly small. that the equilibrium point located on the lower side of the
For the vertical levitation of the dust cloud, we supposesheath is found to be unstable, corresponding to the maxi-
that the upward electrostatic forég: based on the external mum of the potential energy distribution, and another equi-
electrostatic field in the sheath suspends negatively chargerium point in the plasma facing side is stable due to the
dust particles against the downward gravitational fdfge potential well.
The other forces working on a dust particle witf~1 xm In addition, the potential energy curves gives us the bar-
are estimated to be smaller than these two forces by an ordger energy of a confined dust particle. The barrier energy
of magnitude. The equilibrium condition between both AU determined by the energy difference between the maxi-
forces,Fy=Fg, gives the relation between the radius of amum and the minimum is shown in Fig. 5 as a function of
dust particle and the balancing position as follo\&*** the dust radius. It indicates thatU becomes maximum at
3eoV; | Y2 3 en, Cq| 3 rq~21.5um. The barrier energy is an order of 1§ J in a
rd=( ) (— ) (6—2)*3, (1)  range ofrg=0.1-1.7um, that is,AU corresponds to the
P9 2 €opi potential barrier of a few volts for a dust particle with several
wherep is the mass density for the material of dust particlesthousands of electrons. Therefore, the potential barrier en-
Figure 4a) shows the relation between size of a dust particleergy is much larger than the thermal kinetic energy of dust
and the equilibrium height. We find that an upper size limitparticles at room temperature by four orders of magnitude,
of the dust particles that can be levitated js-2.7 um. In  so that dust particles are thought to be well confined at the
the deep inside area of the sheath, there is no equilibriurpotential minimum. The dust particle with large barrier en-
point, in spite of the presence of the large electrostatic fieldergy is robust for confinement against electrostatic fluctua-
because the dust particle has a positive charge there, &sn in the discharge and the thermal motion of dust particles.
shown in Fig. 3. Thereby, we can say that dust particles ar€onsequently, dust particles are only confined in the
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the layer.

FIG. 5. The potential barrier energy for dust particles as a function of dust

size. The dust particle withy~1.5 xm may have maximum barrier poten-

tial energy. The vertical axis on the right hand indicates the energy units in

ev. fore, it is thought that the heterogeneous structure can be
explained mainly by the difference of stable equilibrium po-

plasma—sheath boundary area, that is, in the potential wefitions of dust particles distributed over the plasma-sheath

made from the upward electrostatic and downward gravitaPoundary area according to the size distribution. Conse-

tional forces, which agrees with the levitation area of ob-duently, the heavier and larger dust particles are located at
served dust clouds. the lower part of the sheath to obtain the larger upward elec-

For the behavior of a trapped dust particle in the poten_trostatic force. In addition, this interparticle distance is larger

tial well, the potential curve also implies that the dust par-than the one between the small particles located in the upper
ticle may vibrate vertically around the potential minimum P&t of the sheath because large particles acquire large nega-
with the eigenfrequency given by the potential distri- Ve charges depending on the dust size, and the Debye
bution2314|f the displacement of a dust particle at the equi_length in the lower area of the cloud is larger due to the

librium point is small enough, that is, the energy for the€duction of the shielding ion density.
eigenoscillation is smaller than the potential barrier energy, ©On the contrary, in the case of discrete layered structure

we can assume the potential well curve as a parabolic func®mMPosed of particles with the small dispersion, the above-
tion: U=kz2/2. Hence, the eigenfrequentys expressed mentioned argument is not enough to explain the physical
as follows: mechanism of its internal structural formation. The force bal-

ance analysis for the dust cloud with monodisperse particles

1 K predicts a monolayered structure, since there is only one

f= 27 Hd 12 stable equilibrium position in the sheath. In fact, it seems to
us that the dust cloud tends to expand its structure vertically

. ) ; . by repulsive Coulomb interaction among dust particles, since
shov!qoln Fig 4b). The typical value Ofk.'s abo_ut 1 the dust cloud is radially pushed inward by the electrostatic
X107 N/m for the charged dust particle, witlg field induced by the negatively biased ring electrode. In or-

~1.5um under our experimental condition. Then, the 198N yer to explain the observed Coulomb dust cloud with a dis-

frequency is estimated to be around 10 Hz. It is thought tha(t:rete layered structure, we should take the potential energy

:E'S sm:plg ca][culatlon IS t())verestlmated n C?Tplfnsotﬂ Wf't.hcoming from the repulsive Coulomb force into account. We
he rea eigenirequency, because we are not taing the e, \qiqer the internal force of the dust cloud with discrete
tion with plasma particles and molecules into account in th ayered structure as modeled in Fig. 6, in which the dust
above expression. In the high gas pressure, we suppose tfg% P

dust particl ibrat lowlv at th tential mini ud is assumed to be composed of infinite parallel layers
ust particles vibrate more siowly at the potential minimum. i, 5 constant separation in the vertical direction. The

model considers the layer composed of a triangular lattice
g:ls'é;NUTsE;('\)lﬁL STRUCTURE OF DUST CLOUD AND with negatively charged dust particles at its lattice point. Ir_1

such a model, the total potential energy of the dust cloud is

In this section, we discuss the mechanism for the internagiven by the sum of potential energies coming from the

structural formation of the observed dust clouds in comparigravitational force, electrostatic force in the sheath, and the
son with a simple analytical model. For the heterogeneougepulsive Coulomb force among negatively charged
layered structure of the dust cloud shown in Figa)2the particles’ The potential energy of a single particle for a
key point is that the balancing position and the charge ofjravitational and electrostatic force has already been given,
each dust particle depend on the particle size. The stabl@s shown in Fig. ). To simplify the calculations, we ap-
equilibrium positions balancing the electrostatic upwardproximate the potential well curve for confinement as a para-
force with the gravitational downward force are distributedbolic function again. Then, its potential energy,, for the
over the sheath edge shown in Figa4 in which a large cloud with the layer number dfl per unit area is expressed
dust particle is balanced at a lower part of the sheath. Therdsy

wherek is the coefficient describing the potential well curve
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wherez; is the height of each layer andis the dust particle % We satice
density per unit area. We note that,,; becomes zero for the : 2r
monolayered dust cloud, and it becomes large for a thick

dust cloud with a small number of layers if keepiagcon-

stant. Bl [()N=6

For the Coulomb coupling energy among particles, we W tatice
consider both energy coming from the force between discrete Worer
layers and the one among dust particles on the same layel
with a triangular lattice. The shielded Coulomb potential en- ¢
ergy We ayer between different layers per unit area is given §
by (see the Appendjx

Apo2Q? Zii
WC |ayer:2 2 4D—(22d eXF{ - ' (14) We Wit
o7 4eN Ap 5 NN

where the summation is carried out for all layers. Here 41 3 5 7 9 111315 47 19 0 2 4 6!
W jayer @ISO becomes zero in the case of a monolayer, and it N [fayers] W [10° 9/m?]

tends to become large for a thin dust cloud with many layers

. FIG. 7. Contour plotga) of the total potential energy of the dust cloud,
at constanir because the interlayer space becomes narl’OV\(nu:Iuding the shielded Coulomb interaction among particles in parameter

The repulsive Coulomb potential energy/c jatice &MONYG  space of the thicknesd and the layer numbeN of the cloud. Numerical

negative|y Charged dust partic|es on the same |ayer per unfigures on the contours represent the potential energy with units éf Tha

area is given by slice distributions of the total potential energy on the broken lines through
A-A’ (D=2) andB-B’ (N=6) are plotted in(b) and (c), respectively,

in layer O'QZ B together with several components of one. The cloud With2 mm andN
We |attice= E d exp( — J) , (15 =6 has a minimum of total potential energy under the present experimental
ji#] 8meqrj; Ap condition.

wherer;; is the distance between two dust particles on the
same layer, and the summation is carried out for all dust
particles on the horizontal layer. Equati@lb) indicates that thermore, concerning the change in the cloud thickness, we
We 1atice PECOMeES large when the number of layers decreasawte that the Coulomb interaction energy between layers be-
as o is kept constant because the interparticle distance besomes large with a decrease in cloud thickness, and the po-
comes small. tential energy for vertical confinement increases for the thick
Eventually, the total potential enerd¥y,.; is given by cloud. Therefore, we can conclude that the electrostatically
_ coupled dust cloud is self-organized so that a total potential
Wiot=Wext We tayert We ratice- (16) energy including repulsive Coulomb interactions among dust
Figure {a) shows the contour plots of total potential energy particles may have a minimum.
of the dust cloud, including the shielded repulsive Coulomb  In order to discuss the stability for such a multilayered
interaction in the parameter space of layer numleand  structure, it is necessary to take the self-gravity effect on a
thicknessD of the cloud. The numerical analysis is carried whole dust cloud into accouft.The self-gravity produces a
out under the following conditionshAp=530um, Qg  Vertical pressure on a strongly coupled dust cloud so that we
=400(k, o=4%x10 m2 andk=1x10"1° N/m. We dis- suppose that the trapping height is pushed down. The stable
tinguish a minimum point in the parameter space, correstructure might be destroyed by this effect, especially around
sponding to six layers with a thickness of about 2 mm. Suchhe bottom of the cloud. Then, we evaluate the stability of
an internal structure given by the present simple analysis ithe internal structure from a comparative viewpoint between
consistent with that of the observed dust cloud. The slicghe transition energy and the thermal kinetic energy. The
distributions for the components of the total potential energythermal kinetic energyWy,erma for the dust cloud with the
Wext: Weiayerr We jatice: @nd Wi 0N the horizontal lines temperature offy per unit area is represented by
with D=2 mm and the vertical line with=6 are shown in W, S kT 17)
Figs. Mb) and 7c), respectively. It indicates that the Cou- thermal™— 2078 T d -
lomb energy between layers has about half of the total poFor the dust cloud withl y=300 K, the thermal kinetic en-
tential energy near the minimum point, and two other com-ergy is about 2.5 10 3 J/m 2. For example, the transition
ponents, i.e.W,,; and W¢ jaiice» Share another half of the energy of the dust cloud with =2 mm for the layer number
total. In relation to the transition in the layer number of thefrom N=6 to N=5 or 7 is 1.1 1.4x10 ' J/n?, and it
cloud, we note that the Coulomb interaction between layersorresponds to 44—56 times as large as the thermal energy.
becomes strong when the layer number increases. On thkéherefore, we concluded that the transition in structure in-
other hand, the Coulomb interaction among particles beduced by thermal motion of dust particles at room tempera-
comes dominating when the layer number decreases. Fumdre would be quite difficult, so that it is reasonably consis-
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tent with our experimental observation, that is, the internathe charged sheet. In the region whie®/kgT;|<1, we can
structure of the dust cloud with discrete layers is stablyexpand the exponential in a Taylor series so that the Pois-

maintained for a long time. son’s equation is represented:
Finally, the mechanism for the formation of the funnel- 5 5
d=v Neye ( 1 1) 1

shaped structure of dust clouds is not clear at the moment. In - = —t V= V. (A2)
order to explain such an interesting structure, the above- dZ eoks \Ti  Te Ap

mentioned simple argument is not sufficient, namely, Werpg general solution for such a differential equation is well
should take account of other factors, for example, the effeclgnown as the following equation:
of the radial electrostatic field with a certain vertical depen-

dence near the sheath edge and the space-charge compensa-,,_,, F{_ E)
tion by the ion fluid immersing between negatively charged 0 '

Ap
?uurset particles. This subject remains to be clarified in the fu'wherevo is the potential on the charged shest:0. HereV,

is determined by the boundary condition for the electrostatic

field Eq on the charged sheet. AlsBy is obtained by Gauss'’

law by Eq=Qqg0/2¢,. S0,V is given by a connection with
The mechanisms of the confinement and the internakq. (A3),

structure of an electrostatically coupled dust cloud are inves- N

tigated from the comparison of the experiment with the v/ — DUQd_ (A4)

simple numerical modeling. In the dc plasma-sheath, we 2¢€g

identified an upper limit of dust size for the dust suspensionTherefore, the potential enerdy for the repulsive Coulomb
The dust particles are trapped at one of two equilibrium pojnteraction between the two charged sheets with a gap of

sitions and are stable due to the robust potential well. Th@er unit of area is eventually derived as the following equa-
other equilibrium position at deep inside the sheath is untjon:

stable due to the potential maximum. The dispersion of the ” 2

size distribution of the dust particles drastically changes the W= E QN = Apo Qg ex;{ _ ﬁ) (A5)
internal structure of the electrostatically coupled cloud. The 2 d deg Ao/’

overall Coulomb coupling energy influences the structuraIHere, we note thaW depends strongly ohp, and it may

formation so much that the discrete layers are formed t%iverge with an extreme increase)ag . In the case of many
minimize the total potential energy, including the internalSheets in the plasma, the potential energy for a repulsive

Clou:;)m_tihmterac'“o; among c??rr]ged_ pa(;pctk_as tl'n the duSE:oulomb interaction between layers is given by summing
cloud with a small dispersion of the size distribution. them for all layers.

(A3)

VIIl. CONCLUSION
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