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Analyses of attractive forces between particles in Coulomb crystal of dusty plasmas
by optical manipulations

Kazuo Takahashi,* Tomoko Oishi, Ken-ichi Shimomai, Yasuaki Hayashi, and Shigehiro Nishino
Department of Electronics and Information Science, Kyoto Institute of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-0962, J

~Received 23 June 1998!

Optical manipulations have been attempted to analyze attractive forces between particles in a simple hex-
agonal Coulomb crystal of a dusty plasma. This technique can manipulate particles in a plasma without contact
with them directly, using the forces of radiation pressure from laser light. In the Coulomb crystal, particle rows,
which are found in the direction perpendicular to an electrode, are formed due to not only Coulomb repulsive
force but also some attractive forces. The manipulation method showed that a particle located in the upper
stream of ion flows caused an attractive force on another particle located in the lower reaches of them. The fact
implied that the force was caused by a wake potential related to ion flows in the presheath or sheath region. In
this paper, the mechanisms of simple hexagonal Coulomb crystalline formations are discussed, with the wake
potential taken into account.@S1063-651X~98!05812-7#

PACS number~s!: 52.25.Vy, 78.90.1t, 61.66.2f, 52.35.Fp
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I. INTRODUCTION

Coulomb crystals in plasmas containing micrometer-si
solid particles, i.e., dusty plasmas, have recently attrac
much interest of plasma scientists. The particles in none
librium cold plasmas are negatively charged due to the
ference in the mobility between electrons and ions. As
result, various forces, for example, electrostatic force,
drag force, and gravitation, act on the charged particles
addition to their forces, thermoforetic and neutral parti
drag force also act on particles in gases. So the particles
levitated at the place where the forces balance well. In se
conductor plasma processes, the levitated particles can
taminate wafers and do damage to devices on them. M
researchers have studied forces acting on particles and
ticle behaviors for removing them and controlling of the
generation@1#. On the other hand, Coulomb crystals, whi
are ordered structures formed by particles in a plasma
have a few hundred micrometer-sized lattice constants, w
found in the conditions where Coulomb potential energy
negatively charged particles was much larger than the t
mal energy of them@2–5#. The crystalline structures ar
body-centered cubic, face-centered cubic, and simple h
agonal. In simple hexagonal Coulomb crystals, partic
form hexagonal lattices, that is, two-dimensional clo
packed structures, in the plane horizontal to an electrode
line up in a straight line in the direction perpendicular to t
electrode, i.e., in the direction of electric fields and ion flo
~Fig. 1!. It is possible that forces acting on particles are a
lyzed from the crystalline structures because the struct
can reflect the forces in a plasma. The straight particle ro
may show that some attractive forces between particles e
in a plasma. The action of not only Coulomb repulsive forc
but also some attractive forces between negatively cha
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PRE 581063-651X/98/58~6!/7805~7!/$15.00
d
d
i-

f-
e
n
In

re
i-
n-

ny
ar-

nd
re
f
r-

x-
s
-
nd

-
es
s

ist
s
ed

particles should be noted as the forces may be able to pla
important role in the formation of the crystal treated as
macroscopic crystalline model in condensed matter phy
@6–8#.

When attractive forces between particles in a plasma
discussed, gravity, dielectric polarization, and wake forc
are given as the origin of the forces. It is said that the gra
tational potential may make simple hexagonal Coulo
crystalline structures stable. One theory proposes
sheaths around particles in electric fields are deformed
dielectric polarizations can be caused by the deformati
@9,10#. As the result, particles can behave as dipoles beca
of the polarization and an attractive force may act betwe
particles, i.e., particle-particle attraction may be caused
the dipole moments. Another theory, which is based o
collective effect involving ion ~or dust! acoustic wave

er-

FIG. 1. Structures of a simple hexagonal Coulomb crystal. T
top and side views are typical experimental images. The top v
shows that particles form hexagonal lattices, that is, tw
dimensional close-packed structures, in the plane horizontal to
electrode. One side shows that particles line up in a straight lin
the direction perpendicular to the electrode. In a presheath
sheath region of rf discharges, ion must flow toward the electr
because of electrostatic fields.
7805 © 1998 The American Physical Society
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@11,12#, proposes that wake potentials can cause both att
tive and repulsive forces on particles in a sheath region w
finite ion flows.

In this study,in situ optical manipulations of particles in
plasma are attempted to analyze the attractive forces.
manipulation technique can move particles, using forces
radiation pressure from laser light. Trapping and accelera
of particles in liquids and gases by radiation pressure w
accomplished in 1970@13#. After that, many optical manipu
lations by laser light have been performed for cell operati
in biophysical fields. In this paper, the origin of the attracti
force will be shown by behaviors of manipulated partic
and the mechanisms of the simple Coulomb crystalline
mation will be discussed.

II. EXPERIMENT

A rf plasma was generated in the setup in which a po
ered electrode was set at the down side~Fig. 2!. Methane gas
diluted by argon gas was filled into the chamber with a pr
sure of 87 Pa. The mass flow ratio of methane to argon
0.6. A metal ring was put on the electrode to trap particl

At first in our experiments, nanometer-sized carbon po
der was injected into the methane plasma as seeds of
ticles. The deposition of hydrogenated amorphous carbon
creased the diameter of the seeds up to a few microme
@2#. The particles were levitated to a height of 5.0 mm fro
the electrode. The equilibrium position seemed to be near
plasma sheath boundary. The 30-min growth at a rf powe
2 W could obtain 5.4-mm spherical particles. After that, th
rf power was reduced to 0.3 W, where the particle grow
was almost negligible. Simple hexagonal Coulomb crys
illuminated by Ar ion laser light that has a wavelength of 4
nm were observed with a charge coupled device~CCD!
video camera capturing the scattering light. Furthermore
semiconductor laser of a wavelength of 690 nm was use
manipulate particles in the plasma. The laser light pas
through a lens and its width became narrower than the in
particle distance, which is the distance between near
neighbor particles. The refractive index of the particles w
1.5, which was measured by Mie scattering ellipsometry

FIG. 2. Schematic of the experimental setup. A copper ring w
set on the powered electrode to hold particles in a discharge.
discharge was generated above the electrode by applying a rf
age between it and the surrounding vacuum chamber~not shown!.
CCD video cameras and Ar ion laser~488 nm! light sheets allowed
viewing of the Coulomb crystal from the top and side. Furthermo
a semiconductor laser~690 nm! made it possible to apply a force o
radiation pressure from the light on particles.
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another experiment with an Ar ion laser@14#, and absorption
of them was almost negligible@15#; therefore, the particles
may be transparent with respect to the visible laser lig
Even though the wavelength of the red laser is different fr
the Ar ion laser, their lasers are optically equivalent towa
the particles. When the semiconductor laser light pas
through the transparent particles, optical forces of radiat
pressure can act on particles because of momentum tran
from the laser light photons to the particles~Fig. 3!. Accord-
ing to momentum conservation low regarding the laser li
as photon assembles, the radiation pressure must be g
ated. If the light is absorbed by particles, thermal effe
should be taken into account and photophoretic forces m
act on particles. Figure 3 shows conceptual images of opt
forces. L1 and L2 are paths of the beam that are parts of t
laser light incident on a particle. These paths are line sy
metrical with respect to a line that goes through the part
center and is in the direction of the traveling light. If the las
light is collimated completely, i.e., the laser beam intensity
uniformly distributed over its cross section,uF1u5uF2u and
two forces are line symmetrical with respect to the lin
Therefore, the forceFpush moving the particle along the trav
eling direction of the light is generated, as forces acting p
pendicularly to the traveling direction are canceled out. If t
laser is a Gaussian beam,uF2u is larger thanuF1u. So the
direction of the resultant force betweenF1 andF2 is not the
same as the traveling direction of the light. Not onlyFpush
but alsoFtrap drawing the particle into the beam center ax
acts on the particle. In our experiments, these forcesFpush
andFtrap are used as optical tweezers for analyses of att

s
he
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,

FIG. 3. Conceptual images of optical forces acting on partic
L1 and L2 are two beam paths of the laser light. A resultant for
acting on a particle is derived from integrating the radiation pr
sure from incident light on the surface of the particle. For furth
details of its calculation see Ref.@16#. Actually, two forces,Fpush

transporting particles along the traveling direction of the light a
Ftrap trapping particles on the center axis of the laser light,
available in our experiments.
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tive forces between particles in a dusty plasma.

III. RESULTS

A. Optical manipulations in a dusty plasma

The top particles were moved by the force of optical pr
sure from the semiconductor laser light in vertical rows o
simple hexagonal structure. Figure 4 is a top view and sh
particle movements for 1 s in theplane horizontal to the
electrode. This figure also shows that the only particles i
minated by the semiconductor laser light were moved al
the traveling direction of the light. In this figure, particle
were transported 300mm/s in the velocity. The velocity de
pends on the laser power, the Coulomb interaction betw
particles, and the viscosity of gases, if particle diamete
constant. As an example, Fig. 5 shows the dependence o
velocity on laser powers. Circles and squares correspon
the velocities of particles that form a disordered structure
those of particles that form the simple hexagonal structu
respectively. There is a difference in the particle size

FIG. 4. Movements of particles for 1 s in theplane horizontal to
the electrode. The only particles illuminated by a semiconduc
laser light were moved by the force of radiation pressure.

FIG. 5. Particle velocity as a function of laser power. Circl
and squares correspond to the velocities of particles that for
disordered structure and those of particles that form the simple
agonal structure, respectively. Particle mobility depends on
crystalline structure.
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tween circles and squares in the figure. Particles shown
squares were just a little bigger than those shown by circ
When the size is comparatively big, i.e., an ordered sim
hexagonal structure is formed, the laser light whose powe
less than 13 mW could not move particles. The small part
forming the disordered structure was moved by the light
every power except close to zero. Particle mobilities impl
a difference of the Coulomb interaction, in other words, t
Coulomb coupling parameter that is the ratio of the Coulo
interaction energy to thermal energy. Big particles can har
be moved compared to small ones because big ones
more charges and interact with each other more strongly t
small ones.

Here forces acting on moved particles are estimated.
though an electrostatic force, an ion drag force, and gra
act on particles, they do not influence this estimation beca
these forces balance each other well in the direction perp
dicular to the electrode. Radiation pressure from the la
light is in proportion to the laser power. The optical forc
Foptical is 1.41310214 N in our estimations where the lase
beam intensity is uniformly distributed over its cross sect
regarded as a rectangular (1503200 mm2). For further de-
tails of calculating radiation pressure, see Ref.@16#. The vis-
cous force of neutral gas is given by

Fv iscous5A M

2pRT
pv, ~1!

whereM, R, T, p, andv are the molecular weight, gas con
stant, temperature, pressure, and particle velocity, res
tively, in the regime where the mean free path of the g
molecules is much larger than the particle diameter@17#.
According to this equation, the force is 0.329310214 N at
87 Pa of gas pressure, when particles are transpo
300 mm/s in the velocity. The particle charge calculat
from the plasma parameters is 6300 electrons with the c
dition that the plasma density, electron temperature, ion t
perature, particle density, and particle diameter
109 cm23, 3 eV, 0.03 eV, 105 cm23, and 5.4 mm, respec-
tively, where the ordered simple hexagonal structure
formed. The Yukawa-type Coulomb repulsive force b
tween nearest-neighbor particles with the charge
0.416310214 N. This forceFYukawawas derived from the
potential equation

FYukawa~r !5
Q

4pe0r
exp~2r /lD!, ~2!

where Q and r are the charge of the test particle and t
distance from the particle.lD is the Debye length, defined b

lD5S qi
2ni

e0kBTi
1

e2ne

e0kBTe
D 21/2

, ~3!

whereqi , ni , andTi are the charge, density, and tempe
ture of plasma ions, respectively, and2e, ne , andTe are the
corresponding quantities for plasma electrons.

The force of radiation pressure is superior to the Coulo
repulsive force and friction by neutral gas molecules.
these three forcesFoptical , FYukawa, andFv iscousbalance in
the direction horizontal to the electrode, particles move l
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FIG. 6. ~Color! Pushing particles. These are video frames for 0.5 s showing particle movements. The semiconductor laser light
from right to left. The top particles and the lower one were pushed in~a! and ~b!, respectively. For the top particle manipulation, particl
located at the side lower than the manipulated one followed the top one. For the lower particle manipulation, however, particles l
the side higher than the manipulated one settled down and the lower one followed the manipulated one.
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FIG. 7. ~Color! Trapping particles shown by video flames for 0.5 s.~a! shows trapped particles at an initial laser beam position. The l
beam was lowered in~b!. When the beam went down, trapped and lower particles also went down. The upper particles, however, w
affected by the manipulation.
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early and uniformly. Thus illumination by a semiconduct
laser, whose power density is larger than that of the Ar
laser, can control or transport particles in a plasma and
come a useful technique for analyses of attractive forces
tween particles.

B. Attractive force between particles

The top particles in rows perpendicular to the electro
were illuminated by the semiconductor laser in Fig. 6~a!,
showing particle movements for 0.5 s. The manipulated p
ticles ~represented by M! were pushed and transported alo
the traveling direction of the laser light by the force of r
diation pressure. This figure shows that particles (L125) lo-
cated at the side lower than the top ones were also mo
Lower particles seemed to follow the top ones or be drag
by the top. The point is that when the top particles we
manipulated and transported, whole rows containing man
lated particles were also transported. On the other hand
Fig. 6~b!, a lower particle was manipulated by the laser. T
manipulated particle~M! was transported and a particle (L1)
located at the side lower than the manipulated one was
moved. The lower particle seemed to follow the manipula
one. Particles (U123) located at the side higher than the m
nipulated one, however, were not affected by this manipu
tion at all. Furthermore, the mobilities of manipulated p
ticles were found to be different between the parti
position. That is to say, top particles were moved by the la
light even at a power less than 15 mW, but lower partic
could be moved at a power more than 18 mW. This m
mean that lower particles are restricted in their moveme
by upper particles.

In the next step, particles were trapped by the force
radiation pressure from the Gaussian beam as optical tw
zers. The beam was not essentially different from one use
transport particles. There may be a subtle difference in be
n
e-
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profile between their beams because the tweezers were
tained by adjustment of beam focus. In Fig. 7~a!, two par-
ticles (M1,M2) illuminated by the red laser were trapped
an initial laser path. After this trapping, the laser was lo
ered@Fig. 7~b!#. Then trapped particles (M1,M2) went down
with the laser beam path and particles (L1 ,L2) located at the
side lower than the manipulated ones also went down.
upper ones, however, were not moved by the laser or
nipulated particles.

Pushing and trapping of particles showed that the up
particles could cause an attractive force on the lower o
and the lower ones could not cause that on the upper one
there are particles in ion flows of the presheath or she
region, it seems reasonable to suppose that the attra
force, which is caused by a particle using a wake poten
related to the flows, should be effective if the ion reach
lower than the particle because, if the force is caused
polarization of deformed sheaths around particles, that m
be effective in not only the lower but also the upper reac
of ion flows. Therefore, with wake potentials, which orig
nate in ion flows and can affect an attractive force on p
ticles, taken into account as one of the particle attract
mechanisms, formation of simple hexagonal Coulomb cr
tals will be discussed in this paper.

IV. DISCUSSION

A. Formation of simple hexagonal Coulomb crystal

The ion drift speed at equilibrium positions of particle
could be estimated. According to another Monte Carlo c
culation@18# and our experiments, particles were found to
levitated at the positions betweenM51.3 and 1.8. HereM is
Mach number, i.e., the ratio of the ion drift speed to t
speed of the ion acoustic wave. At these positions regar
as the presheath region, ion flows are likely to affect partic
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and potential structures around particles. Therefore, w
potentials originated in ion flows can be taken into acco
as one of the interaction potentials between particles.
one-dimensional wake potential, which is on an axis go
through an isolated negatively charged particle and para
to the direction of ion flows, is given by@11#

Fwake5
Q

2pe0uzu
cos~ uzu/Ls!

12M 22
, ~4!

wherez, whose axis is on the lower reaches of ion flows,
the distance from a test particle.Ls , expressed by

Ls5lDe~M221!1/2, ~5!

is a length scale determined by the electron Debye len
lDe and Mach numberM. The length scale seems to be equ
to the distance between nearest-neighbor particles. The
tance will be expressed by interparticle distance in the
lowing discussion. Here it is assumed that a particle char
under the condition of a bulk plasma is embedded in
flows in the presheath region and that the total force ac
on particles is the resultant force between the wake
Yukawa-type Coulomb repulsive force in thez direction.
Therefore, the forceFtotal is given by

Ftotal~z!5Q
d

dz
@Fwake~z!1FYukawa~z!#. ~6!

Then the interparticle distances atM51.3 and 1.8 were
250 mm and 460mm, respectively~Fig. 8!. An average of
interparticle distances in our experiments was 380mm.
Therefore, it was reasonable that particles were levitate
the presheath region having such ion flows.

Taking into account a spatial distribution of the wake p
tential, which a test particle contributes to in the low
reaches of ion flows, the potential minima that can attr
another particle are formed. The forces caused by the min
can help align particles in that direction parallel to ion flow

FIG. 8. Resultant force acting on particles. Wake and Yukaw
type Coulomb repulsive forces were taken into account.d denotes
the interparticle distance between a test particle and another pa
attracted by wake forces of the test particle.
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In the direction, local particle equilibrium positions are d
termined by the balance between the wake and the Coul
repulsive force. In this way, particles line up in a straight li
in the direction perpendicular to the electrode, i.e., in
direction of ion flows.

B. Wake potential and ion flow

In particle rows perpendicular to the electrode, the
power dependence of structures was investigated. A sim
hexagonal Coulomb crystal formed by particles 4.5mm in
diameter was observed in a pure methane discharge at
Pa. The interparticle distance changed, depending on
power. The changing of plasma parameters was estim
~Table I! from other experimental results@19# at each power.
Assuming that particles, charged under the bulk plasma c
ditions at each power, were embedded in ion flows,
speeds were calculated from interparticle distances de
mined by the balance between the wake and the Coulo
repulsive force. Figure 9 shows that the ion speed increa
with increasing rf power. This result means that more pow
was applied and more highly accelerated ions obtained
to the increasing electric field strength. It may also imply th
the sheath thickness does not depend on the rf power@20#
and that the self-bias voltage increases with increasing po
@21#. Furthermore, it was found that the distances betw
nearest-neighbor particles changed, depending on the pa
position in the particle rows perpendicular to the electro
In Fig. 10, Mach numbers at each position were calcula
from interparticle distances and balances of forces acting

-

cle

TABLE I. Plasma parameters in the bulk part assumed in t
study. The values of the particle charge were calculated from
parameters when particle density was 105 cm23.

rf Power
~W!

Plasma density
(109 cm23)

Electron
temperature

~eV!

Ion
temperature

~eV!

Particle
charge

~electrons!

0.3 1.0 3.0 0.03 5700
0.6 2.0 2.7 0.03 6700

FIG. 9. Change of interparticle distance depending on rf pow
The ion drift speed was calculated from the balance of force ac
on particles, the length scaleLs being equal to the interparticle
distance and the dependence of the plasma parameter on rf pow
taken into account.
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particles. It was found that ions were accelerated toward
electrode by the electric field in the presheath region. T
result shows that particle rows in simple hexagonal crys
line structures reflect a well-known electrical structure of
sheath.

If the attractive force between particles is caused by
wake potential, as mentioned above, the relationship betw
the ion dynamics in presheath region and the Coulomb c
talline structure seems to be clear. The ion’s behavior, wh
was guessed from the crystalline structure observed in
experiments, was reasonable to reflect the well-known e
tric field structure in the presheath region. So one can sa
state that the wake potential originated in ion flows play
very important role in the formation of particle rows perpe
dicular to the electrode in simple hexagonal Coulomb cr
tals.

FIG. 10. Relationship between the Mach number and part
position derived from calculating the balance of forces using
interparticle distance.
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V. CONCLUSIONS

In this study, analyses of an attractive force, which ac
between particles forming simple hexagonal Coulomb cr
tals and was found in particle rows perpendicular to the e
trode, were carried out by optical manipulations using rad
tion pressure from laser light. As a result, a particle cau
an attractive force acting on another particle located in
lower reaches of ion flows. This means that the attract
force is caused not by the polarization of sheaths aro
particle but by the wake potential related to ion flows in t
presheath region. So we examined whether or not the w
potential is suitable for the origin of the attractive force.
the attractive force is caused by the wake potential, the C
lomb crystalline structure, in particular particle rows perpe
dicular to the electrode, can be connected with the ion
namics in the presheath region. It seems to be clear tha
ion’s behavior, which was guessed from the crystalline str
ture observed in our experiments, reflects the well-kno
electric field structure in the presheath region. This paper
shown that the wake potential originated in ion flows play
very important role in the formation of particle rows perpe
dicular to the electrode in simple hexagonal Coulomb cr
tals.
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