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Analyses of attractive forces between particles in Coulomb crystal of dusty plasmas
by optical manipulations
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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 accountS1063-651X98)05812-7

PACS numbgs): 52.25.Vy, 78.90+t, 61.66—f, 52.35.Fp

[. INTRODUCTION particles should be noted as the forces may be able to play an
important role in the formation of the crystal treated as the
Coulomb crystals in plasmas containing micrometer-sizednacroscopic crystalline model in condensed matter physics
solid particles, i.e., dusty plasmas, have recently attractetf—8l.
much interest of plasma scientists. The particles in nonequi- When attractive forces between particles in a plasma are
librium cold plasmas are negatively charged due to the difdiscussed, gravity, dielectric polarization, and wake forces
ference in the mobility between electrons and ions. As thé'® given as the origin of the forces. It is said that the gravi-
result, various forces, for example, electrostatic force, iofational potential may make simple hexagonal Coulomb
drag force, and gravitation, act on the charged particles. 1§yStalline structures stable. One theory proposes that
addition to their forces, thermoforetic and neutral particIeSheaths around particles in electric fields are deformed and

drag force also act on particles in gases. So the particles aféelectric polarizations can be caused by the_ deformations
levitated at the place where the forces balance well. In semi= ,10]. As the result, particles can behave as dipoles because

. : of the polarization and an attractive force may act between
conductor plasma processes, the levitated particles can cc:g_‘—

X . articles, i.e., particle-particle attraction may be caused by
taminate wafers and d_o damage to _dewces on them. Ma e dipole moments. Another theory, which is based on a
researchers have studied forces acting on particles and pal5 ective effect involving ion(or dus) acoustic wave
ticle behaviors for removing them and controlling of their
generatio{1]. On the other hand, Coulomb crystals, which
are ordered structures formed by particles in a plasma and
have a few hundred micrometer-sized lattice constants, were
found in the conditions where Coulomb potential energy of
negatively charged particles was much larger than the ther-
mal energy of then{2-5|. The crystalline structures are
body-centered cubic, face-centered cubic, and simple hex-
agonal. In simple hexagonal Coulomb crystals, particles
form hexagonal lattices, that is, two-dimensional close-
packed structures, in the plane horizontal to an electrode and
line up in a straight line in the direction perpendicular to the
electrode, i.e., in the direction of electric fields and ion flows
(Fig. 1. It is possible that forces acting on particles are ana-
lyzed from the crystalline structures because the structures
can reflect the forces in a plasma. The straight particle rows
may show that some attractive forces between par_ticles exist FIG. 1. Structures of a simple hexagonal Coulomb crystal. The
in a plasma. The action of not only Coulomb repulsive forces, ang side views are typical experimental images. The top view
but also some attractive forces between negatively chargeghows that particles form hexagonal lattices, that is, two-

dimensional close-packed structures, in the plane horizontal to an

electrode. One side shows that particles line up in a straight line in

*Present address: Department of Electronic Science and Engineafe direction perpendicular to the electrode. In a presheath and

ing, Kyoto University, Yoshida-Honmachi, Sakyo-ku, Kyoto 606- sheath region of rf discharges, ion must flow toward the electrode
8501, Japan. Electronic address: ktaka@kuee.kyoto-u.ac.jp because of electrostatic fields.
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FIG. 2. Schematic of the experimental setup. A copper ring was
set on the powered electrode to hold particles in a discharge. The
discharge was generated above the electrode by applying a rf volt-
age between it and the surrounding vacuum chan(er shown). Laser Beam
CCD video cameras and Ar ion las@88 nm light sheets allowed =
viewing of the Coulomb crystal from the top and side. Furthermore,
a semiconductor las€690 nm made it possible to apply a force of
radiation pressure from the light on particles.

[11,12, proposes that wake potentials can cause both attrac-
tive and repulsive forces on particles in a sheath region with
finite ion flows. FIG. 3. Conceptual images of optical forces acting on particles.
In this study,in situ optical manipulations of particles ina |, and L, are two beam paths of the laser light. A resultant force
plasma are attempted to analyze the attractive forces. Thigting on a particle is derived from integrating the radiation pres-
manipulation technique can move particles, using forces ofure from incident light on the surface of the particle. For further
radiation pressure from laser light. Trapping and acceleratiodetails of its calculation see RdfL6]. Actually, two forcesFpsn
of particles in liquids and gases by radiation pressure wergansporting particles along the traveling direction of the light and
accomplished in 197013]. After that, many optical manipu- Fyap trapping particles on the center axis of the laser light, are
lations by laser light have been performed for cell operationgvailable in our experiments.
in biophysical fields. In this paper, the origin of the attractive
force will be shown by behaviors of manipulated particlesanother experiment with an Ar ion laggr4], and absorption
and the mechanisms of the simple Coulomb crystalline forof them was almost negligiblgl5]; therefore, the particles
mation will be discussed. may be transparent with respect to the visible laser light.
Even though the wavelength of the red laser is different from
the Ar ion laser, their lasers are optically equivalent toward
the particles. When the semiconductor laser light passes
A rf plasma was generated in the setup in which a pow.through the transparent particles, optical forces of radiation
ered electrode was set at the down gilig. 2). Methane gas pressure can act on particles because of momentum transfers
diluted by argon gas was filled into the chamber with a presfrom the laser light photons to the particlgsg. 3). Accord-
sure of 87 Pa. The mass flow ratio of methane to argon wakg to momentum conservation low regarding the laser light
0.6. A metal ring was put on the electrode to trap particles.@s photon assembles, the radiation pressure must be gener-
At first in our experiments, nanometer-sized carbon powated. If the light is absorbed by particles, thermal effects
der was injected into the methane plasma as seeds of paghould be taken into account and photophoretic forces may
ticles. The deposition of hydrogenated amorphous carbon irct on particles. Figure 3 shows conceptual images of optical
creased the diameter of the seeds up to a few micrometeferces. Ly and L, are paths of the beam that are parts of the
[2]. The particles were levitated to a height of 5.0 mm fromlaser light incident on a particle. These paths are line sym-
the electrode. The equilibrium position seemed to be near th@etrical with respect to a line that goes through the particle
plasma sheath boundary. The 30-min growth at a rf power o¢enter and is in the direction of the traveling light. If the laser
2 W could obtain 5.4«m spherical particles. After that, the lightis collimated completely, i.e., the laser beam intensity is
rf power was reduced to 0.3 W, where the particle growthuniformly distributed over its cross sectioff;|=|F,| and
was almost negligible. Simple hexagonal Coulomb crystalgwo forces are line symmetrical with respect to the line.
illuminated by Ar ion laser light that has a wavelength of 488 Therefore, the forc& s, moving the particle along the trav-
nm were observed with a charge coupled devi€€D) eling direction of the light is generated, as forces acting per-
video camera capturing the scattering light. Furthermore, gendicularly to the traveling direction are canceled out. If the
semiconductor laser of a wavelength of 690 nm was used ti@ser is a Gaussian bearF,| is larger than|F,|. So the
manipulate particles in the plasma. The laser light passedirection of the resultant force betwe&n andF,; is not the
through a lens and its width became narrower than the intesame as the traveling direction of the light. Not oy,
particle distance, which is the distance between nearesbut alsoF;,, drawing the particle into the beam center axis
neighbor particles. The refractive index of the particles wasicts on the particle. In our experiments, these fof€gs,
1.5, which was measured by Mie scattering ellipsometry inandF,, are used as optical tweezers for analyses of attrac-

Il. EXPERIMENT
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tween circles and squares in the figure. Particles shown by
squares were just a little bigger than those shown by circles.
When the size is comparatively big, i.e., an ordered simple
hexagonal structure is formed, the laser light whose power is
less than 13 mW could not move particles. The small particle
forming the disordered structure was moved by the light at
every power except close to zero. Particle mobilities implied
a difference of the Coulomb interaction, in other words, the
Coulomb coupling parameter that is the ratio of the Coulomb
interaction energy to thermal energy. Big particles can hardly
be moved compared to small ones because big ones have
more charges and interact with each other more strongly than
small ones.

Here forces acting on moved particles are estimated. Al-
though an electrostatic force, an ion drag force, and gravity
act on particles, they do not influence this estimation because
) : , these forces balance each other well in the direction perpen-
theFtle(I;e.cfr'o'(\:iA; V?ﬁf nc:zlsfp?:rrttigfss Iifltrsnilzefthe%pls;eahggrzn?gct,ildtgctogiCUl?-r to the electrode. Radiation pressure from the laser

’ light is in proportion to the laser power. The optical force

| light d by the f f radiati . . ~ . h .
aserlight were moved by fhe force of fadiation pressure Fopticar IS 1.41xX 10 14 N in our estimations where the laser
tive f betw tcles | dusty pl beam intensity is uniformly distributed over its cross section
Ive forces between particles in a dusty plasma. regarded as a rectangular (25200 wm?). For further de-

tails of calculating radiation pressure, see R&6€]. The vis-

ll. RESULTS cous force of neutral gas is given by

A. Optical manipulations in a dusty plasma M
. . Foiscous= \| 5—== PV, 1
The top particles were moved by the force of optical pres- viscous 27RT PV @

sure from the semiconductor laser light in vertical rows of a _
simple hexagonal structure. Figure 4 is a top view and show#hereM, R, T, p, andv are the molecular weight, gas con-

particle movements fol s in theplane horizontal to the stant, temperature, pressure, and particle velocity, respec-
electrode. This figure also shows that the only particles illutively, in the regime where the mean free path of the gas
minated by the semiconductor laser light were moved alongnolecules is much larger than the particle diaméter].

the traveling direction of the light. In this figure, particles According to this equation, the force is 0.3220 4 N at
were transported 30Qwm/s in the velocity. The velocity de- 87 Pa of gas pressure, when particles are transported
pends on the laser power, the Coulomb interaction betweed00 um/s in the velocity. The particle charge calculated
particles, and the viscosity of gases, if particle diameter igrom the plasma parameters is 6300 electrons with the con-
constant. As an example, Fig. 5 shows the dependence of tlgition that the plasma density, electron temperature, ion tem-
velocity on laser powers. Circles and squares correspond teerature, particle density, and particle diameter are
the velocities of particles that form a disordered structure and®® cm™3, 3 eV, 0.03 eV, 18 cm™3, and 5.4 um, respec-
those of particles that form the simple hexagonal structuretively, where the ordered simple hexagonal structure is

respectively. There is a difference in the particle size beformed. The Yukawa-type Coulomb repulsive force be-
tween nearest-neighbor particles with the charge is

200 ; ; ; ._ 0.416x10"* N. This forceFy awaWas derived from the
O potential equation

—
N
T
L

Dy ykawd )= exp(—r/\p), 2

47TEOr

whereQ andr are the charge of the test particle and the
distance from the particla.y is the Debye length, defined by

2 2 -1/2
ain; € Ne )

€okgTi  €okgTe

Velocity (mm/s)

(©)

P W whereq;, n;, andT; are the charge, density, and tempera-
ower (mW) ture of plasma ions, respectively, ante, n,, andT, are the
FIG. 5. Particle velocity as a function of laser power. Circles COrresponding quantities for plasma electrons.
and squares correspond to the velocities of particles that form a The force of radiation pressure is superior to the Coulomb

disordered structure and those of particles that form the simple hexepulsive force and friction by neutral gas molecules. As

agonal structure, respectively. Particle mobility depends on théhese three forceS,yiicai, Fyukawa andFiscousbalance in
crystalline structure. the direction horizontal to the electrode, particles move lin-
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FIG. 6. (Color) Pushing particles. These are video frames for 0.5 s showing particle movements. The semiconductor laser light traveled
from right to left. The top particles and the lower one were pushed)iand (b), respectively. For the top particle manipulation, particles
located at the side lower than the manipulated one followed the top one. For the lower particle manipulation, however, particles located at
the side higher than the manipulated one settled down and the lower one followed the manipulated one.
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(@) (b)

FIG. 7. (Color Trapping particles shown by video flames for 0.8a3.shows trapped particles at an initial laser beam position. The laser
beam was lowered ith). When the beam went down, trapped and lower particles also went down. The upper particles, however, were not
affected by the manipulation.

early and uniformly. Thus illumination by a semiconductor profile between their beams because the tweezers were ob-
laser, whose power density is larger than that of the Ar iortained by adjustment of beam focus. In Figa)7 two par-
laser, can control or transport particles in a plasma and baicles (M, ,M,) illuminated by the red laser were trapped in
come a useful technique for analyses of attractive forces bean initial laser path. After this trapping, the laser was low-

tween particles. ered[Fig. 7(b)]. Then trapped particles (MM,) went down
with the laser beam path and particles (L,) located at the
B. Attractive force between particles side lower than the manipulated ones also went down. The

The top particles in rows perpendicular to the electrode/PPEr ones, however, were not moved by the laser or ma-

were illuminated by the semiconductor laser in Figa)g NiPulated particles. _
showing particle movements for 0.5 s. The manipulated par- Pushing and trapping of particles showed that the upper
ticles (represented by Mwere pushed and transported along particles could cause an attractive force on the lower ones
the traveling direction of the laser light by the force of ra- and the lower ones could not cause that on the upper ones. If
diation pressure. This figure shows that particleg_@) lo-  there are particles in ion flows of the presheath or sheath
cated at the side lower than the top ones were also moveggion, it seems reasonable to suppose that the attractive
Lower particles seemed to follow the top ones or be draggeéprce, which is caused by a particle using a wake potential
by the top. The point is that when the top particles wererelated to the flows, should be effective if the ion reaches
manipulated and transported, whole rows containing manipudower than the particle because, if the force is caused by
lated particles were also transported. On the other hand, ipolarization of deformed sheaths around particles, that must
Fig. 6(b), a lower particle was manipulated by the laser. Thebe effective in not only the lower but also the upper reaches
manipulated particl¢M) was transported and a particle;JL  of ion flows. Therefore, with wake potentials, which origi-
located at the side lower than the manipulated one was algeate in ion flows and can affect an attractive force on par-
moved. The lower particle seemed to follow the manipulatedicles, taken into account as one of the particle attraction
one. Particles (Y. ) located at the side higher than the ma- mechanisms, formation of simple hexagonal Coulomb crys-
nipulated one, however, were not affected by this manipulatals will be discussed in this paper.
tion at all. Furthermore, the mobilities of manipulated par-
ticles were found to be different between the particle IV. DISCUSSION
position. That is to say, top particles were moved by the laser
light even at a power less than 15 mW, but lower particles
could be moved at a power more than 18 mW. This may The ion drift speed at equilibrium positions of particles
mean that lower particles are restricted in their movementsould be estimated. According to another Monte Carlo cal-
by upper particles. culation[18] and our experiments, particles were found to be
In the next step, particles were trapped by the force ofevitated at the positions betwe&h=1.3 and 1.8. Herd is
radiation pressure from the Gaussian beam as optical twe®ach number, i.e., the ratio of the ion drift speed to the
zers. The beam was not essentially different from one used tspeed of the ion acoustic wave. At these positions regarded
transport particles. There may be a subtle difference in bearas the presheath region, ion flows are likely to affect particles

A. Formation of simple hexagonal Coulomb crystal



7810 KAZUO TAKAHASHI et al. PRE 58

TABLE I. Plasma parameters in the bulk part assumed in this

0.0 05 2.0 study. The values of the particle charge were calculated from the
400 parameters when particle density was 1dm 3,
Electron lon Particle
200k rf Power Plasma density temperature temperature charge
Z st A (W) (10° cm™3) (ev) (ev) (electrong
'2 \\ particle ‘ 0.3 1.0 3.0 0.03 5700
3 O— - Or—=— 0.6 2.0 2.7 0.03 6700
s | N Tl
i
-200} / .
M=1.3 In the direction, local particle equilibrium positions are de-
d =250um Expt 16&14_=31é8 termined by the balance between the wake and the Coulomb
-400F , . L Hm ) repulsive force. In this way, particles line up in a straight line
0 200 400 600 800 in the direction perpendicular to the electrode, i.e., in the
z (Jm) : distance from the top particle direction of ion flows.
FIG. 8. Resultant force acting on particles. Wake and Yukawa- ] ]
type Coulomb repulsive forces were taken into accodrdenotes B. Wake potential and ion flow
the interparticle distance between a test particle and another particle |n particle rows perpendicular to the electrode, the rf
attracted by wake forces of the test particle. power dependence of structures was investigated. A simple

. ] hexagonal Coulomb crystal formed by particles 4/n in
and potential structures around particles. Therefore, wakgiameter was observed in a pure methane discharge at 100
potentials originated in ion flows can be taken into accounpy  The interparticle distance changed, depending on rf
as one of the interaction potentials between particles. Thgower. The changing of plasma parameters was estimated
one-dimensional wake potential, which is on an axis goingTaple |) from other experimental resulfg9] at each power.
through an isolated negatively charged particle and parallehssuming that particles, charged under the bulk plasma con-

to the direction of ion flows, is given bjl1] ditions at each power, were embedded in ion flows, ion
speeds were calculated from interparticle distances deter-

D Q coglz/Ly (4  Mined by the balance between the wake and the Coulomb
wake" 2 reolzl 1-M -2 repulsive force. Figure 9 shows that the ion speed increases

with increasing rf power. This result means that more power
wherez, whose axis is on the lower reaches of ion flows, iswas applied and more highly accelerated ions obtained due

the distance from a test particles, expressed by to the increasing electric field strength. It may also imply that
the sheath thickness does not depend on the rf po@@r
Ls=Ape(My— 1)Y2, (5) and that the self-bias voltage increases with increasing power

[21]. Furthermore, it was found that the distances between
is a length scale determined by the electron Debye lengthearest-neighbor particles changed, depending on the particle
Ape and Mach numbeM. The length scale seems to be equalposition in the particle rows perpendicular to the electrode.
to the distance between nearest-neighbor particles. The difa Fig. 10, Mach numbers at each position were calculated
tance will be expressed by interparticle distance in the folfrom interparticle distances and balances of forces acting on
lowing discussion. Here it is assumed that a particle charged
under the condition of a bulk plasma is embedded in ion

3 T T T T

flows in the presheath region and that the total force acting 600%10° 4
on particles is the resultant force between the wake anc 5501 140 g
Yukawa-type Coulomb repulsive force in thtedirection. - 5
Therefore, the forc& ., is given by %’ 500+ 1400 g
= S
d 3 450} 1380 &
Ftotal(z):Qd_z[q)wake(z)+q)Yukawe(z)]- (6) & %
= 400+ =3
= — 4360 8
Then the interparticle distances M=1.3 and 1.8 were 3501 E
250 uwm and 460 um, respectively(Fig. 8. An average of 300 —_ 37

interparticle distances in our experiments was 330
Therefore, it was reasonable that particles were levitated in
the presheath region having such ion flows.

Taking into account a spatial distribution of the wake po-  FIG. 9. Change of interparticle distance depending on rf power.
tential, which a test particle contributes to in the lower The ion drift speed was calculated from the balance of force acting
reaches of ion flows, the potential minima that can attracbn particles, the length scale; being equal to the interparticle
another particle are formed. The forces caused by the minimaistance and the dependence of the plasma parameter on rf power is
can help align particles in that direction parallel to ion flows.taken into account.

0.2 0.3 0.4 0.5 0.6 0.7
f Power (W)
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1.60 V. CONCLUSIONS

155 In this study, analyses of an attractive force, which acted
5 between particles forming simple hexagonal Coulomb crys-
g tals and was found in particle rows perpendicular to the elec-
z 1.50 trode, were carried out by optical manipulations using radia-
S tion pressure from laser light. As a result, a particle caused
= 145 an attractive force acting on another particle located in the

lower reaches of ion flows. This means that the attractive
force is caused not by the polarization of sheaths around

1.40 . . . .
) . . \ ; ; particle but by the wake potential related to ion flows in the
38 40 42 44 46 48 S0 presheath region. So we examined whether or not the wake
Position (mm) : Height from f electrode potential is suitable for the origin of the attractive force. If

FIG. 10. Relationship between the Mach number and particlethe attractivg force is causgd by Fhe wake F’Ote”“a" the Cou-
position derived from calculating the balance of forces using thd®mMb crystalline structure, in particular particle rows perpen-
interparticle distance. dicular to the electrode, can be connected with the ion dy-

] ] namics in the presheath region. It seems to be clear that the
particles. It was found that ions were accelerated toward thg,'s behavior, which was guessed from the crystalline struc-

electrode by the electric field in the presheath region. Thig e opserved in our experiments, reflects the well-known

result shows that particle rows in simple hexagonal crystalg|atric field structure in the presheath region. This paper has

line structures reflect a well-known electrical structure of theShOWn that the wake potential originated in ion flows plays a
sheath. , , , very important role in the formation of particle rows perpen-

If the attractive force between particles is caused by thedicular to the electrode in simple hexagonal Coulomb crys-
wake potential, as mentioned above, the relationship betwee[nI

the ion dynamics in presheath region and the Coulomb crys—a S:

talline structure seems to be clear. The ion’s behavior, which

was guessed from the crystalline structure observed in our

experiments, was reasonable to reflect the well-known elec- ACKNOWLEDGMENTS
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