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Structure of Dusty Plasma under Microgravity
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The structure of dust particles in dusty plasmas under microgravity has been analyzed
by molecular dynamics simulation. The charge neutrality condition satisfied by the system
composed of dust particles and ambient plasma is properly taken into account. It is shown
that dust particles form shell structures at low temperatures and the number of shells are
obtained as a phase diagram in the plane of two parameters characterizing the system: the
number of particles and the strength of screening. It is also shown that these structures are
almost independent of the strength of screening.

1. INTRODUCTION

Dusty plasma, systems of micron-sized dust
particles immersed in ambient plasmas, pro­
vides us with a clear example of strongly
coupled system whose structure and dynam­
ics can be observed directly by CCD camera
and naked eyes without X-ray or neutrons[I].
Their strong coupling is a result of large neg­
ative charges on dust particles. On the other
hand, the large mass of macroscopic dust par­
ticles is not free from the gravity on earth.
The experiments under the condition of mi­
crogravity are therefore expected to elucidate
intrinsic properties of dusty plasmas which are
not directly related to the effect of gravity.

In the first experiment on dusty plasmas un­
der microgravity, the geometry of the system
is determined by the parallel plate structure
and the existence of void has been reported[2].
The formation of the latter itself is an inter­
esting phenomenon and the exploration of its
possible origin such as thermophoretic force,
ion flow, or thermodynamics, is of much in­
terest. The most important difference in the
systems under microgravity and the one on
earth, however, may be the isotropy of the

environment. It may therefore be worth ana­
lyzing the structure of uniform and isotropic
dusty plasmas of finite extension under micro­
gravity and propose such experiments which
realizes the isotropy of environment as a sys­
tem.

2. FORMULATION

In this article we consider a system in a vol­
ume V composed of Nd dust particles, N i ions,
and N e electrons and denote the charges of
dust particles, ions, and electrons by -Qe, e,
and -e, respectively. We assume that the sys­
tem satisfies the condition of the charge neu­
trality

(-Qe)nd + (-e)ne + eni = 0, (1)

where nd = Nd/V, ni = Ni/V, and ne =
Ne/V are the densities of components.

When we take statistical average over elec­
tron and ion degrees of freedom in adia­
batic approximation and neglect the effect
of electron-electron, electron-ion, and ion-ion
correlation, we arrive at the Yukawa system as
a model for dust particles in dusty plasmas[3].
The Helmholtz free energy of the system of
dust particles is then given by
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U coh + Usheath, (2)
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where

where T; and Te are temperatures of ions and
electrons, respectively. The latter tempera­
tures are usually different from (higher than)
that of dust particles Td •

In Ucoh given by (3), the second term is
the internal energy for uniformly distributed
Yukawa particles:

1 (Qe)2
Usheath = -Nd"2-A-' (4)

and v(r) is the Yukawa potential

(Qe)2
v(r) = --exp(-rIA). (5)

r

The parameter A characteri7.es the screening
by electrons and ions and is given by

<Pext(r)

-nd(Qe)2 r dr' I 1 'I exp(-Ir - r'llA)
Jr'<R r-r

(10)

particles. Note that this energy is indepen­
dent of the correlation between dust parti­
cles and can be neglected when analY7.ing the
structure of dust particles.

In what follows, we assume that the volume
V is determined by some experimental con­
dition such as the configuration of electrodes
and other geometries and analY7.e the struc­
tures formed by dust particles. Under the con­
dition of microgravity, we may assume that
the volume take the form of a sphere of radius
R.

In order to simulate the system in a sphere
of volume V whose potential energy is given
by (3), we introduce the uniform negative dust
charge density which neutrali7.es that of dust
particles: We note that the second term on
the right-hand side of (3) corresponds to the
interaction with this uniform negative dust
charge density. The potential due to neutral­
i7.ing negative charge is given by

(6)

(7)

41rnee2 41rnie2
kRTe + kRTi '

The work which is necessary to form sheaths
around Nd dust particles with the charge -Qe
is thus given by

where the factor 1/2 comes from the linear­
ity of the relation between -Qe and p in the
charging process. The term Usheath is there­
fore the free energy of the sheath around dust

<Pext(r)
41r(Qe)2 A2

A R r
x[l- ~exp(-RIA)(1+ -)sinh(-)],

r A A
r < R, (11)

1 Nd Nd,

"2 L v (rij) + L <Pext(ri). (13)
i:j:.i i=l

A
47f(Qe)2 A2- exp(-rIA)

r
R R R

x[-:\cosh(-:\)-sinh(-:\)], r>R. (12)

and is calculated as

When the spherical volume V is determined
externally, we simulate the structure of dust
particles as a system of Yukawa particles in­
teracting via (5) in the potential <Pext(r). The
potential energy part of the Hamiltonian then
takes the form

(9)

41rp(r)

In other words, Ucoh reduces to 7.ero when
dust particles are randomly distributed with­
out correlation.

From the Poisson equation, the charge den­
sity p(r) responsible for the screening of the
Yukawa potential is calculated as

. Qe
-dlV· grad[-- exp(-rlA)J

r

;2 ~e exp(-rIA). (8)
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FIG. 1: Structure of outermost three shells with 330 par­
ticles for { = 2.0.

tural transition from shell structure. In the
case of ~ = 0, the critical value is determined
as 1.1 x 104 ~ 1.5 x 104 [7].

In conclusion, we have obtained the struc­
ture of dust particles at low temperatures
under the condition of microgravity where
there is no specified direction in space. This
structure is in sharp contrast with that un-

Applying the molecular dynamics, we have
analyzed the structures of dust particles at
low temperatures: Starting from some con­
figurations, we anneal the system for a suf­
ficiently long time and slowly cool the sys­
tem. Some examples of resulting structure are
shown in Fig. 1.

The radial distribution function is given in
Fig. 2 and we observe clear shell structure.
The number of shells is determined by param­
eters N d and ~. The phase diagram for the
structure is shown in Fig. 3 where the case of
Coulomb interaction with ~ = 0[4, 5J is also
shown.

As is shown in Fig. 3, the number of shells
and the positions of shells are almost inde­
pendent of the strength of screening ~. This
implies that the structure does not strongly
depend on ~. We may interpret this indepen­
dence as follows: In the shell structure, the
intershell distance is nearly equal to the mean
distance in the shell and the change in the mu­
tual interaction does not affect the structure
as a whole so long as it is isotropic.

When we increase the system size, we even­
tually have the system whose main part is
organized in the lattice structure of infinite
Yukawasystem[6]. In between, there expected
to exist the critical system size for the struc-

3. STRUCTURE OF DUST PARTICLES
UNDER MICROGRAVITY

For this system, we have three dimension­
less parameters which may be taken as the
total number of dust particles N d , r ­
(Qe)2/akBT, and ~ = a/>., where the mean
distance a is defined by a = (3/41fnd) 1/3. In
the limit of high temperatures, the structure
may be the uniform distribution in the vol­
ume V. With the decrease of the tempera­
ture, there appears the correlation and finally
we expect to have a solid-like structure of fi­
nite extension. In this article, we are inter­
ested in structures at low temperatures where
our system has two characteristic parameters,
N d and~.
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der the gravity on earth where we have one­
dimensional structures characterized by the
total area density and strength of screening[8].

7

~ ---L~ ! !__
i

3 shells {4 shells

1.--!-_++_!

99

176 particles

41

2 shells / 3 shells

2f-+- 2 - '-'~-T-t- "
I~~l !__~--+_~ __ I.S

ot=::;:::"'--='"~~~~~':::J
o I 2 345 6

ria

100

1 shcll/2 shells

10 II 12 13 14 IS
N

oJ...
0.'

~

""
.~ 80

~
§ 60
..,
B 40
5
~

'0
~ 20
'0
8

FIG. 2: Radial distribution function of the structure
shown in Fig.I.

FIG. 3: Number of shells as phase diagram of dust parti­
cles under microgravity.
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