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Rotation of a two-dimensional Coulomb cluster in a magnetic field
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A coordinated study of a laboratory experiment, a computer simulation, and a theoretical analysis reveals a
structure and its dynamic motion of a Coulomb cluster trapped in a plasma with a confining potential in the
presence of gravitational and magnetic fields. Charged dust particulates are found to form a circle in a
horizontal plane with a radius determined by a balance of a restoring force due to a confining potential and the
screened Coulomb force between dust particulates. The dust particulates in a circle show angular rotation with
the structure intact, while they oscillate radially around the equilibrium orbit. The analytical study reveals the
oscillatory rotational nature of dust particulates as a result of coupling between the Lorentz force and the
harmonic oscillation.
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I. INTRODUCTION II. DYNAMIC EQUATIONS

The dynamics of dust particulates forming a polygon
structure in a horizontal plane in the presence of gravitational
and magnetic fields may be described by a Hamiltonian

Since the observation of plasma crystal formation in
1994, behavior of fine particles, ranging from submicron to
tens of microns in size, ubiquitously present in plasmas in
space as well as in laboratory has been extensively studied 1 Q
by experiments, simulations, as well as theofigs Such H= SM P~ EA
particulates, called fine particles, grains, or dust particulates
are charged negatively, typically with 3010% electronic  whereV(r,z) is an external potential described as
charges, in a plasma as a result of balancing electron and ion
flux flowing onto the surface. Such a large charge substance V(r,2)=3Kyr?+3K,2°+ Qe+ Mgz 2
in a plasma modifies the basic properties of a plasma like
Debye length and shows a unique feature such as formati
of a wake potential in the presence of ion fl¢®,3]. The
presence of a large number of dust particulates in a plasma A=(A, A, A,)=(0rB/2,0) 3)
develops new types of collective phenomena including low
frequency oscillations, waves, and instabiliids The struc-  is the vector potential assuming tzedirectional magnetic
ture of a cloud with a large number of dust particulates wasield, K, andK, are constants to define a confining potential,
successfully controlled by the application of an external por2=x2+y? Mgz is a gravitational potential, ang is the
tential in dc discharge plasm#5]. Recent observations of screened Coulomb potential defined by
the rotation of a cloud of dust particulates in the presence of
a magnetic field stimulate further interest in the physics of |r—rj|

¢= E [r—r; | YA

2
+V(r,z), (1)

ere Q and M are charge and mass of a dust particulate,
respectively;

4

dusty plasmag$6,7] and a spinning motion of a dust particu-
late in the cloud was also studi¢8]. The rotation of a Cou-

lomb cluster in a plasma has been studied theoretically iRvherel is the Debye length and the summation is taken for
which ion-neutral collisions play a major role associatedall the neighboring dust particulates. We note that our gener-
with the ionEX B driving force[6,9]. However, the detailed alized forceF® may contain a forcé= not derivable from
experimental observation of the rotation of a small numbehotentials, including the ion drag force and the frictional
of dust particulates in a magnetic field revealed the radiaforce by neutral particles, or

oscillatory motion along the circular orbit as reported in Ref.

[7]. Such a dynamic behavior of the dust particulates moti- FCé=—-VV+F. (5)
vates us to propose a mechanism of cluster rotation in a

plasma in the presence of magnetic field. In this paper, analhe momenta are given through

lytical study shows dynamical behavior of a Coulomb cluster P

in the presence of magnetic field, in support of the experi- qi= (q,=r,6,2) (6)
mental observation and the particle simulation. ! &p,

D
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as IIl. RING STRUCTURE OF A COULOMB CLUSTER
. Now we considen dust particulates equally spaced near a
pr=Mr, (" horizontal circle az=z, plane with radiug . The coordi-
. nate of theith dust particulate is given byl 1]
p,=Mr26+Qr?B/2c, (8)
ri=ro(coso,e+sindg)+z4e,+ or;, a7
p,=Mz, ©  where
where a dot indicates the differentiation with respect to time. 27
The Hamilton equations of motion for a dust particulate with 0; T + 66 (18

a generalized force in consideration are given through
and ér;, 86; are the radial and angular deviations from the

pi=— ﬁ+ = (10) equilibrium position. We note that the vertical perturbations
! aq; induced by the coupling with neighbor particles are respon-
sible for the stability of the structure as discussed in Ref.
as [11]. The equilibrium radius depends on the number of dust
particulates in a circle and can be found from the time-
Pr=Mro(6+ w,)—Kir —Qaplor +F,, (1)  independent equation
. —Kir—Qdelar=0 (19
with §0=0 as
p,= —Kyz—Qdpldz—Mg+F,, (13 fo=anl., (20)
wherewc_zQB/M c. The force due to the ion drag and the 3D e 2rlsini-ji2)ino
neutral friction may be expressed as ay=|— .
4 j=1T+) [sin(6;-;/2)|
F=—M[(vq—V))/ i+ (Vg— V) 7], 14
[(Va—=Vi)/ 7+ (Vg—Vn)/ 74] (14 X<1 2ro|sin(0i_j/2)|) 113 o
wherevy, v;, andv, are the velocities of a dust particulate, Ap sin(6;_;/2) '
an ion, and a neutral particle, respectively, anénd 7, are
the characteristic times for ion drag and the neutral friction. o2 |\
The characteristic times are expressed as 'k=\—"7=~ (22)
V3K,
Ti:L (15) The numerical values arex,=1 (n=3), 1.18 h=4),
mini(vi) o 1.34 (h=5), and 1.47 §=6) in the long shielding limit.
These values will be examined by the laboratory experiment
and as well as by the simulation.
3M IV. EQUATIONS OF MOTION
Ty=————, (16)
4t gMann(vn) Now we consider a situation away from the equilibrium.

o o ) ) The equations of motion for thigh particulate give the fol-
where subscriptsandn indicate ions and neutral particles,  |owing equations:

is massn is number density,v) is the mean speed; is the

cross section for ions, ang is the radius of a spherical dust M 8Fi=M(ro+ 8r;) 86,( 86, + we) — 3K or;
particulate[10,11]. The characteristic times of ion drag and

neutral friction are rather slow because of heavy nature of a Q?

dust particulate. For a spherical dust particulate rgf +— > 5t(6)), (23
~1 um and M~4x10 kg with n~10®*m=3, n, arg 1!

~10% n;n}‘3,2<vi>~500 ms?, (v)~10 msi>|vy, and o
oi~10"° m“, the characteristic times are estimated to be ” ey - N
o~ =10 sec in argon plasma ang~ 7,~10 min for hy- M(ro+dri) 56 +2M 5ri50i+ch5ri_4rg ,z. Ot2(6i-j),
drogen plasma. The thrust in the present paper is on the (24)
dynamics of dust particulates in magnetic field, and our

analysis starts without the ion drag and the neutral frictionwhere 5f,(6;_;) and 6f,(6;_;) are the screened Coulombic
The effects of the ion drag and the neutral friction will be perturbations induced by the interaction with other particu-
discussed later. lates in the circle. We note that E@0) was used in deriving

2
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Eq. (23). The simultaneous equations given by E@8) and

(24) for i=1~n describe the behavior af particulates in
the circle. Although dust particulates in the circle are
strongly coupled through the screened Coulomb force, the
individual behavior of theth particulate may well be de-
scribed by the coupling of Eq$23) and (24) in the weak
coupling limit where the screened Coulombic perturbations
may be negligible. To analyze dynamic motion of thh
dust particulate in the circle, we introduce normalized quan-

tities R=r;/ro=|ri|//rg, T=wpt, Q=w;/w,=6;/w,, and (B : @)

Qc=w./w,, where . W
- . %

(a)

oy

Noting that 8r;=r; and 66,= 6;=w; we find normalized

equations ""‘
R=ROQ(Q+0Q,)—(R-1), (26) ———
L . (e}
RQ+2RO+Q.R=0. (27 : VVZZ

Since the left hand side of Eq27) can be written as b ' >
(1/R)d[R?>(Q+Q,/2)]/dT, we find that »

. QC L4 A4

R’ O+ —|=h=a% Qq+ —) (289
2 2

wherea is the normalized initial radial displacement afig FIG. 1. Trajectories of a dust particulate in the magnetic field

is the normalized initial angular frequency of a dust particu-(2c= ~0.1) as described by Eq&6) and (27). A dust particulate
is initially placed atf#= 6,=0 with radiusR=a and initial fre-

late. On the other hand, E6), by multiplying 2R on both quencyQ=0,. (8 a=1.2, 0,=0.05, W=0.03; (b) a=1.2, O,

sides and integrating with respect to time, leads to -0, W=-0.02; (0) a=12, Q,=—0.025, W=—0.04; (d) a
d oz =0.8, 1,=0.025, W=0.05; (e) a=0.8, (=0, W=0.03; (f) a
R =0.8,Qy=—-0.1, W=—0.07.
_ =+ — J—
aT- - \/Z[E U(R)] ot (29)

the clockwise rotation fokV<<0. From the temporal evolu-
WhereU(R):(1+Q§/4)R2—2R andE is a constant given tion of the angled the average angular rotational frequency
by E=[R%2+h2/2R?+U(R)/2],_,. Equations (28) and () can be evaluated. _Figure 2 shows the time-average_ angular
(29), by noting Q=dé,/dT, give the relation between the frequency of the particulate as a function of the magnitude of

angled for theith particulate and the radial displacemént Cyclotron frequency() for a=1.2 and{},=0. Equations
as (28) and (26) can be used to evaluate the asymptotic equa-

tions by settingR=1 for Q.<1 andR=0 for Q;>1. In the
fR 2h—Q.r? weak and strong field limits the angular frequencies are
O_

O(R)= 6y~ dr, 30 i
(R) a 2r\2r[E—U(r)]—h? 30/ given by
142 <
where 6, is the initial angle forR=a. The trajectories of a =z(a"-1)Q for O.<1, (32
dust particulate initially located ai= 6,=0 are described
by Egs.(26) and (27) and are shown in Fig. 1 in the-y _ 1 1 .
plane forQ).= — 0.1 with various initial conditions o& and 1= 282200+ 0y * 20, for Qc>1. (33

Qg. The criterion for the direction of the rotation can be
found by settingR=1 in Eqg. (28) and is described by a The asymptotic angular frequencies given by Bg®) and

parameteiV defined by (33) are shown in Fig. 2. The angular frequency shows a
minimum when the magnitude of the cyclotron frequency is

W=yt 1— i) & (31) ~0.7. Equationg32) and (33) show that the angular fre-

a2 2 quency vanishes whem=1 and(),=0, indicating that the

dust rotation stops when frictional forces are present. The
The rotation is counterclockwise i#V>0 and clockwise if  angular motion, driven by the coupling of Lorentz force and
W<0. Figures 1a), 1(d), and 1e) show the counterclock- harmonic oscillation, will slow down in a time scale of the
wise rotation folW>0, while Figs. 1b), 1(c), and Xf) show characteristic times of the ion drag and the neutral friction,
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FIG. 2. The time-average angular frequenQy, vs the magnitude of the cyclotron frequen®,.| as described by Eq$26) and (27).
(1) A weak field limit given by Eq{(32). (2) A strong field limit given by Eq(33).

and that is when the azimuthal drift of the dust particulate ishe strength of the confining potential. The ratios of the
expected to be stimulated by the azimuthal drift of ions inradii for various polygon structures, thus observed, agree
crossed radial electric field and vertical magnetic field asyell with the analytical predictions given by E@O0), except
described in Ref.6]. Once dust particulates are pushed awayfor the cases oh=6 and higher values ai. The observed
from the equilibrium position, i.,ea#1, the Lorentz force radius forn==6 is somewhat larger than the value predicted
coupled with the harmonic oscillation will take over the dy- py Eq. (20). This is because the sixth dust particulate is

namics of the motion of dust particulates. settled in the center of the circle, which is not incorporated in
our analytical model. The experiment shows the rotation of
V. EXPERIMENT the particulates consisting of a polygon in the presence of a

. vertical magnetic field of up to 0.4 k@ee Fig. 5 of Ref.

In a laboratory experiment, a group of dust particulates i o ) .
observed to form a polygon structure in an externally imi?]). Because of the difficulty of experimental conditions to

posed potential in a dc discharge argon plasma of the plasnfoduce a stable symmetric plasma in the presence of a
density around 1cm 3, the electron temperature of a few strong magnetlf: field ina dc (_jlsc_harge, t_he dynamic motion
eV with a gas pressure of 220—260 mTorr. The paraboli(?f the dust par_tlculates is studied in a rf dlsc_harge plasma f(_)r
confining potential has a potential hill to confine negativelythe magnetic field up to 40 kG. The stable discharge was still
charged dust particulates and is formed at about several miflifficult to produce even in a rf plasma in a strong magnetic
limeters above the levitation electrode with a radial spread ofield above 10 kG. The angular frequency of the rotating
about 1 cm by a method described in REf]. The cluster cluster is found to increase linearly with the field strength up
forming a polygon structure could be as simple as a triangleto about 3 KG and saturates in its magnitude followed by the
a square, a pentagon, and a hexagon, and could develop irdecrease of the frequency for the strong field above about 8
a cluster of polygons, a plasma crystal, when dust particukG (see Figs. 9 and 10 of RdfZ]). Such a linear dependence
lates are increased in number in the confining potential. Figen magnetic field in the weak field regime and the saturation
ures 3a—0 show the observed polygon structures of dustfollowed by the decrease of the angular frequency are well
particulates in the dc discharge. The structures are formed hyescribed by our analytical model as shown in Fig. 2. The
injecting methyl methacrylate polymer spheres of 0.05rotational direction was controlled by changing the polarity
~5 um in radius with a specific gravity of around 1 g/&@m of the external electric field which modifies the radial struc-
into the confining parabolic potential under the gravity. Ature of the confining potential, corresponding to the change
typical polygon radius is on the order of 0.1 to a few milli- of the parameteW or initial conditions as described by Eg.
meters depending on the dust particulate radius, charge, aridl). The experimental observation revealed the oscillatory
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FIG. 3. Polygon structures of dust particulates in the horizontal plane in argon pléamé@) Laboratory experiment with dust
particulates of 5um radius with specific gravity of 1.20 g/cm(d)—(f) Simulation results.

orbiting motion of dust particulates as shown in Fig. 6 ofbit with some perturbations of radial oscillatory nature. Even

Ref.[7], a unique feature shown theoretically in Fig. 1. with the rotation, the polygon structure of dust particulates
remains the same at any given time. The simulation result
VI. PARTICLE SIMULATION suggests that the dust angular rotation is not simply due to

. . . ) o the Lorentz force, but due to the coupling of the Lorentz
A two-dimensional particle simulation is performed to force with a restoring force to keep the particulates in equi-
model the formation of plasma crystals in the presence Ofiprjum orbit. The simulation supports the mechanism pro-

electric and magnetic fields. Charged dust particulates argosed by the analytical picture presented in this paper.
assumed to have radius 54n, mass 6.X10 kg, and

charge 1.610 1* C. A confining potentiall is assumed to VIl. CONCLUSIONS

have a quadratic form) =K,r?/2, wherer is the horizontal ) o N _
radial distance from the center of the system under consid- N conclusion, the equilibrium condition and the dynamics
eration and a constar,(=6x10° eV/cn?) is chosen to of polygon structures of dust particulates confined in a po-
reproduce the experimental conditions. A small number oféntial in the presence of gravitational and magnetic fields
charged dust particulates are introduced in the system, argf€ Well understood by a coordinated study of laboratory
trapped in the confining potential under the action of Cou-£Xperiment, particle simulation, and the analytical theory.
lomb force between dust particulates as well as a prescribeliieory based on Hamilton equations of motion reveals that
frictional force (F= — uf, u=0~1.5x 10" kg/sec) due to dust particulates form polygon structures in a horizontal
ions and neutral particles. The simulation model and prelimiJplane with dynamic motion of angular rotation accompanied

nary results were reported earl[d2]. The simulation shows by radial oscillation with the structure intact. The theory also

the polygon structure for dust particulates in equilibrium asshows the rotational direction of dust particulates as a result

: . ; of the coupling of the Lorentz force and the harmonic oscil-
\évﬁjwo?ﬁ:?/eesdul'g tgfe s?é%?gt?;in&igijgégff(()@i1?2;s?gg lation. The rotational frequency is found to be linear with the

in which the ratios of the radii are in good agreement Wi'[hWeak magnetic field, although the frequency is inversely pro-

the analytical prediction given by E€R0). Further introduc- portional to the field in the strong field limit
tion of dust particulates in the confining potential formed a
cluster of dust particulates. In the presence of magnetic field
(~400 G) perpendicular to the two-dimensional plane with-  This work was partly supported by the Grants-in-Aid for
out frictional force w=0), the simulation shows the orbital Scientific ResearctC) program of the Japan Society for the
angular motion of dust particulates along the equilibrium or-Promotion of Science.
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