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Structure of the ion wakefield in dusty plasmas
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The magnitude and structure of the ion wakefield potential below a single negatively charged dust particle
levitated in the plasma sheath region were measured using a test particle. Attractive and repulsive components
of the interaction force were extracted from a trajectory analysis of low-energy collisions between different
mass particles in a well-defined electrostatic potential that constrained the dynamics of the collisions to one
dimension. As the vertical spacing between the particles increased, the peak attractive force decreased and the
width of the potential increased. For the largest vertical separations measured in this study, the lower particle
does not form a vertical pair with the upper particle but rather has an equilibrium position offset from the
bottom of the parabolic potential confining well.
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[. INTRODUCTION constrained 1D collisions between particles that originate at
far distances from each other. We found that the peak attrac-
The addition of dust to a plasma leads to a number of londive potential increased with lower pressure, likely due to an
range and collective interactions that influence the characteincreased ion mean free path. In addition, the attractive po-
istics of interstellar regions, planetary rings, fusion reactorstential had a finite vertical extent that decayed fairly rapidly
and laboratory microelectronics processing systems. Particlavith vertical particle separation.
particle interactions and the forces that drive the interactions The structure of the ion wakefield has been calculated by
depend on a myriad of variables such as plasma characteriseveral groups, each using various simplifying assumptions
tics, dust density and material, external potentials, and théor this computationally challenging problefh,4,17,19,2Q
flow of charged species past the particles. For example, iomhe calculations show the formation of a positive space
flow around the particles generates an ion wind force on theharge region downstream of the particles and a warping of
particles due to momentum transfer. In addition, positive iornthe symmetric sheath that would be expected in the absence
flow around the negatively charged particles warps theof the streaming ions present at the sheath boundary. The
sheath structure around the particle and generates a wakefiaddtent of the positive space charge region is on the order of
or a net positive space charge region downstream from thihe Debye screening length, 50—4Qat for our experimen-
particle due to ion focusinpl—4]. The positive space-charge tal conditions. Under certain conditions, the resulting posi-
region gives rise to an attractive interaction between theive space charge region can produce relatively strong attrac-
negatively charged particles and is the origin of a number ofive electrostatic interactions with other particles. However,

collective interactions in dusty plasmas. we note that even the basic idea of electrostatic attraction is
It is well known that dust particles levitated at the plasmaopen to discussiof21].
sheath can form single-layeftwo-dimensional (2D)] This paper expands on our previous work to measure the

hexagonal-close-packed, triangular lattice structures that agg@anar attractive and repulsive interaction potentials associ-
dominated by repulsive screened Coulofilebye interac- ated with a single dust particle levitated at the plasma sheath
tions[5—8]. Multilayer 3D assemblies in dusty plasmas showedge as a function of the vertical position. The result is a full
a range of order from face- and body-centered cubic lattice8D measurement of the particle force field. In most terrestrial
to more amorphous arrangements-12]. In the simplest dusty plasma systems, the ion wakefield dimensions are on
view, the lattice arrangement of multilayer structures appearthe order of the plasma Debye length0—500 wm) and
to depend on the delicate balance between an attractive iamsual probe techniques are not possible. By using a constant
wakefield potential and repulsive Debye potentigdsl3]. particle diameter for the upper particle and a range of particle
However, this simple view is not universally accepted be-diameters for the lower particle, and thus a range of vertical
cause the largest 3D dust arrangements apparently show littbeparations, we can map the shape of the attractive ion wake-
wakefield effec14]. Thus the full impact of the attractive field potential from an analysis of the particle collision dy-
interaction on dusty plasma collective interactions appears toamics. As the vertical spacing between the particles was
be an open question. increased, we observed a transition from repulsive, nonverti-
Several recent measurements have begun to address tleally aligned pairs, to attractive vertically aligned pairs, and
issue. Melzer and co-workers observed a nonreciprocal athen back to nonvertically aligned pairs. The first nonpaired
tractive interaction between two different mass particleso paired transition has been previously observed and mea-
[15,16. We recently measured peak attractive interactions irsured [13,16,18,22 However, the second aligned to un-
60 and 100 mTorr argon plasmas that were on the order adligned transition was unexpected and indicates that the 3D
200 fN[17,18. Our technique determined the shape of thestructure of dusty plasma assemblies depends critically on
entire attractive and repulsive potential from an analysis othe dust characteristics and plasma conditions.
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Il. EXPERIMENTAL SETUP

The experiments were performed in an asymmetrically :O: m2
driven, parallel-plate discharge chamber, a modified Gaseous -
Electronics Conferenc@GEQ) rf reference cel[23]. The de-
tails of this chamber and experimental technique have been + For
previously reported so only a brief overview is presented h + R, 12
[17]. The lower electrode was capacitively coupled and + +
driven at 20 MHz and 0.9 W. Argon gas flow was 2 sccm at + + +
100 mTorr. The 10 cm diameter lower electrode contained a + + + —_~—
5 cm diameter insert that was machined with a 0.5 m radius + —m,
of curvature spherical shapg,17]. Following the slight cur- +, +4 =
vature, we machined a slot 3 mm wide and 2 mm deep across _|_+ ++ FA , |x2 - X1|
the diameter of the insert. The electrode slot forms a steep + + +
potential gradient(“electrostatic trench) perpendicular to +

the line defined by the slot, with a curvature that is on the

order of the plasma sheath thickness, approximately 5 mm f

[18]. With this arrangement we could reproducibly generate =ee._ 0

collinear collisions with a constant vertical offsémpact

parameterusing two particles of different mass. The vertical Electrode
confining forces(electric sheath, gravity, and ion wipdre FIG. 1. Schematic of two particles showing upper particle of
much stronger than the weak particle-particle interactions ofassm,, lower particle of massn,, and ion wakefieldpositive
random Brownian motion, resulting in collision dynamics space charge regiptelow the upper particle. The 0.5 m radius of
constrained to motion in the coordinate axis parallel to thecurvature of the lower electrode is greatly exaggerated. The height
trough. The vertical movement of the injected particlesdifference between the particles wagnd the interparticle separa-
damped quickly, as did any oscillation normal to the troughtion wasr,. The center of the well is defined as zero and the
In addition, the amplitude of Brownian motion normal to the horizontal distance of the particles from the center of the weth is
trough was considerably less than the particle’s distance dif Xz.

closest approach.

The particles were illuminated by a sheet of light pro-was dropped into the opposite end of the trough. The particle
duced by a 532 nm, 10 mW laser, scanning mirror and cy<ollision dynamics were recorded on videotape. Time-
lindrical lens. Top and side views of the time-dependent pardependent particle positions were extracted from the digi-
ticle trajectories were captured on videotape using two CCDized videotape and analyzed for the interaction force.
cameras and lenses. The videotape was digitized frame by

fr_ame an_d the particl_e positior_1 extracted using image analy- Ill. WAKEEIELD POTENTIAL STRUCTURE
sis algorithms. The time spacing was 30 frames/sec and the
pixel resolution for this work was 0.035 mm/pixel. A schematic of the simplified particle interaction is shown

The electrostatic trench was used for two different meain Fig. 1. The upper particle of mass, has a smaller diam-
surements. The first used particles of the same mass, amder and mass than the lower particle of mas Consider-
hence the same height above the lower electrode, to deterg only dominant interactions, the upper particle interacts
mine the particle charg&€ and plasma screening length  with the lower particle via repulsive interactions arising from
from an analysis of the radially dependent particle spacinghe screened Coulomb potentials as characterized by each
resulting from gravitational compression. Since that analysigarticle’s Z and some\ appropriate for the pair. However,
has been previously discussed, only the results for the pathe lower particle also reacts to an electrostatic attractive
ticle Z and \ are presented in this papgt8]. For these interaction between the positive space charge region and the
experimental conditions, particle charge and screening lengthegative dust particle’s surface charge, in addition to the re-
increased linearly from 6000 to 18 000 electrons, and 300 teiprocal repulsive interactions with the upper particle. While
600 um for particle diameters from 6.86 to 11.98n, re-  there is also a space charge region below the lower particle,
spectively. These values are consistent with our previoufor our conditions, we estimate that it does not strongly in-
measurementsl7,1§. teract with the negative charge of the upper particle due its

The second set of experiments, and the focus of this workielatively large distance and thus we do not include it in our
was measurement of the wakefield potential associated witforce analysis. Only the horizontal distance between the par-
an upper target dust particle obtained by colliding it with aticles is shown or analyzed. The vertical distance between
probe dust particle levitated at a lower height. For these meahe particles varied by less than 0.02 mm, reflecting the
surements, a single Melamine particle was dropped into onstrong vertical confining forces and the lack of changes in
end of the trough and fell to the bottom of the sphericalthe particle charge.
electrode with a damping time constant determined by gas The interaction potentials are obtained from the particles’
drag[5]. At a later time, a second particle with a different position and velocity by numerically inverting ttiblewton-
diameter, hence a different height above the lower electrodéan equations of motion(NEOM) shown below. Due to the
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experimental geometry and vertically constrained motion, weserved. For these experimental conditions, the peak attractive
have only a 1D set of equations. The upper particle interactborce decreased from 70 to 10 fN as the vertical particle
with the lower particle through a repulsive potenNg(r1,) separation increased from 0.56 to 1.16 nignaphs a—g
wherer ;,= (X, — X5) 2+ h?, with h the vertical spacing be- The width of the attractive force also increased by a factor of
tween the particles, anx| the Cartesian coordinate parallel two over this range of particle separations. The maximum
to the trough(Fig. 1). The lower particle, however, responds force was obtained at horizontal particle separations between
to both the above repulsive interaction and an attractive forc@00 and 30Qum. Thus the ion wakefield potential has a finite
generated between it and the wakefiMg(|x;—x,|,h). In  vertical extent and decays fairly rapidly with vertical dis-

this limit, the NEOM for the two particles are tance below the upper particle. These observations are con-
sistent with most models of the wakefield potential
Xp— [1,4,17,19,20

MaXy + My y1Xy +KoXg = Experimentally determined repulsive force maps are

) shown in Fig. 3 as functions of the absolute particle separa-
tion r4, and vertical particle spacing. Due to the,{-Xx;)
—Xp term in the denominator of Ed4), the repulsive data be-
Vp(ri2), (20 came noisy as the particles formed a vertical pair and is not
shown. For these experimental conditions, the repulsive

wherem; is the massy; is the Epstein drag coefficient, and force decreased from 30 to 7 fN as the vertical particle sepa-
k;=m;g/R, with g the acceleration due to gravity aRd the  ration increased from 0.56 mm to 1.16 migraphs a—g
radius of curvature of the electrode. The subscript 1 denote§he shape and magnitude of the repulsive interaction was
the lower particle and the subscript 2 denotes the upper pagimilar for these four sets of particles, only the maximum
ticle. Solving for the attractive forcé,= —(9/dx)Va(|Xy d|stanpe betwee_n the pfar'ucles varied. Thus it appears that the
—X,|,h) and the repulsive forcs=V}(r1,) as functions of ~ "epulsive force is dominated by the upper particle, whose
the interparticle spacing yields characteristics do not change. This is somewhat surprising
since the lower particle charge and screening length increase
fA=myXy+ Mgy Xg+ KyXg+ Moo+ Mo yoXa+ KoXy, (3) with diameter and one would think that the repulsive force
should increase proportionally. This may indicate that as the
lower particle enters the space charge region, the shielding of
[MaXa+ My yoXo + KoXo]. (4)  the space-charge cloud modifies the electrostatic repulsion. It
is unlikely that the particle charge changes significantly since

Thus the attractive and repulsive potentials can be derive® vertical height of the lower particle, determined by the
from only the particle positions as functions of time. The firstlime-average electric field and particle charge, does not
and second derivativeselocity and accelerationwere cal-  change. o o
culated after three-point smoothing was performed on the The solid lines shown in Figs. 2 and 3 are regression fits
time-dependent position data. Experimentally measured Eﬁo functlonql forms for the qttracnve and repulsive potential.
stein gas-damping ratés00mTor) of 27, 21, 17, 15, 14, 14, The repulsive force was fit to a screened Coulomb form
and 12 s' were used for the 6.86, 8.89, 9.78, 10.45, 11.55] Vo(r12) = (Z?/4meg)exp(—ri/\)/r].  Previously — we
11.93, and 12.74m diameter particles, respectively. Rather Showed that the dominant cylindrical radial dependence of
than use calculated Epstein drag coefficients, we experimerife wakefield potential was
tally determine the values for each experimental condition,
since we find that the value of the attractive force, which _ N )
should be zero for large particle separations, depended V() =Awexp( = a“+ i), ©
strongly on the value of the gas drag. As in previous work,
the measured drag coefficients are in good agreement witlvhereA,y is a function of plasma and dust parameters, and
calculated values to within the uncertainty introduced by thedepends on the thermal averaging of ion mot[d]. In
dominant neutral scattering mechanism and gas temperatugeneral, the fits for both the attractive and repulsive poten-
[6,24]. As the lower particle moves into the space chargetials are good. Values for the attractive and repulsive fit pa-
region, it will change the shape of the ion wakefield poten-rameters are shown in Tables | and Il. The fit to the repulsive
tial. Because we know the confining force due to the curvedorce yields andA,y value that is consistent with our mea-
electrode, the drag force due to neutral gas scattering, and tisared particle charge but\athat is approximately a factor of
charges of the particles by single-layer analy5i§], we can 2 larger than that derived from an analysis of the particle
isolate thefull interaction of the particles. The ion wakefield monolayer compressiof6]. The larger value of the screen-
potential can be obtained by integrating the force maps. ing length is approaching the electron Debye length. We hy-
Experimentally determined attractive forces are shown irpothesize that this is due to the higher ion velocity in the
Fig. 2 as functions of the horizontal particle separafion  vicinity of the particles, giving less ion screening and a
—X,|, and vertical particle spacing. Data from four to eightlarger Debye length. However, the use of a single screening
collision events is shown within each plot. Whether an uppetength to describe the repulsive interaction between two par-
particle was injected towards the already present lower paticles with unequal screening lengths is not physical and
ticle or visa versa made no difference, as previously obneeds to be modified.

Xyp - 2V axa—xol |
r12 (9X1

i X
m2X2+ m2 ’yZX2+ k2X2: r12

2
X1—X2

fR:
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FIG. 2. (Colon lon wakefield attractive forces as functions of r4o (mm)
the horizontal interparticle spacing and vertical spacing. The par-
ticle diameter are shown in each plot. The data points are shown as FIG. 3. (Colon lon wakefield repulsive potentials as functions
points while the lines are fits to the attractive potential form de-Of the interparticle spacing and vertical separation. The particle di-
scribed by Eq(5). The fit parameters are in Table I. ameters are shown in each figure. The data points are shown as
points while the lines are fits to a screened Coulomb potential of the

ne i ° . .
The shape of the potential associated with each attractivggl'e\lllD(“Z)’(z lameo)exp(=riz/\)/r. Fit parameters are in

interaction can be obtained by either integrating the data o
from fit parameters and Eq5). The potentials determined culation of the potential. The peak potential well depth de-
from the fits to the data in Figs(@-2(d) are shown in Fig. creased from 21 to 8 mV as the distance below the upper test
4. In each case, the interaction is assumed to be electrostajyarticle increased from 0.56 to 1.16 mm. The width of the
and the different particle charges are divided out of the calpotential well also increased. It should be noted that the
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TABLE |. Values for regression fits to the attractive potential
given by Eq.(5) for various lower particle diameters. The upper

particle diameter was 6.86m. ’>E\

Diameter(um)  Aw/A (10N) A (um)  a(um) =

8.89 380 167 485 ;é;

9.78 -83 244 470 =

10.45 —24 331 312 Q
11.55 -36 430 873
11.93 -68 316 864
12.74 ~139 254 975

X5 - X4| (Mm)

variation of the potential well due to the ion wakefield in the FIG. 4. Potential wells determined from the fits to the attractive
radial direction is superimposed on the much larger potentiaPotentials shown in Fig. 2. The numbers are the distance below
variation in thevertical direction due to the sheath structure. (downstreamthe upper 6.8qum diameter particle.
For example, for a particle charge of 6000 electrons, the 6.86
um particle requires a time-average electric field on the orlower particles added to the left side of the upper particle
der of 30 V/cm to levitate. Over the 0.56 to 1.16 mm differ- @lways stayed on the left and lower particles added on the
ence in heights measured here, this corresponds to a vertica@ht always stayed on the right.
potential variation of 1800 mV. The data in Figs. @) and 2f) were fit to the attractive

In contrast to the vertically aligned pairs analyzed abovepotential over a limited range. Since the pairs do not form a
particles with the largest vertical separations of 1.35 and 1.¥ertically aligned pair, the fit is not appropriate for the region
mm (graphs e and f in Figs. 2 and %orm nonvertically close t0|X2—X1|:0. However, this functional form does ap-
aligned pairs. As shown in Fig. 5, when the lower particlePear to be appropriate over a limited range, at least up to the
collided with the upper particle, the two particles do notPoint were their attractive force is counterbalanced by a
vertically pair but form an offset pair. In addition, the details Stronger repulsive force.
of the offset pair structure appear to also depend on vertical There are a number of possible origins for the force re-
spacing. In the case of the 11.98n diameter particles with sponsible for the nonvertically aligned pairs at the largest
a vertical separation of 1.35 mm from the 6,86 diameter interparticle spacing. For example, the nonvertically aligned
particle, the lower particle pushed the upper particle away

from the center of the parabolic confining potential. The . . . r T T T T ]
minimum energy state appears to have the two particles split- 0.5 F 6.86 um E
ting the difference in the potential energy obtained by the W
particles not being at the bottom of the wel=0 mm). 00F 3
However, in the case of the 12.74n diameter particle with ]
a vertical spacing of 1.7 mm, the lower particle lacks the 05 F 11.93 pm .
force required to move the upper particle significantly away C ]
from the center of the potential well. In this case, the lower 1.0 F -
particle assumes all the potential energy by sitting offset r ]
from the bottom of the well. The nonaligned pairs were not 15 T —
due to gas flow or experimental asymmetries since the final —~
location of the lower particle with respect to the upper par- E OS]
ticle depended on which side of the trench the lower particle <= [ 6.86 um ]
was added. Side views of the videotaped collisions show that § 0.0 e
= C
TABLE 1. Values for regression fit to the repulsive potential 8 05F .
given by a screened Coulomb functional form for various lower & [ ]
particle diameters. The upper particle diameter was Gu86 :c_g 10 [ ]
c -10F .
Diameter(um) A (102 Jm) A (um) .8 C ]
f . o -
8.89 1.4 630 o 15
0 5 10
9.78 2.0 576
11.55 25 675
11.93 2.1 744 FIG. 5. Time-dependent horizontal positions of the nonvertically
12.74 1.3 3840 aligned particles after the addition of the lower particle. Particle

diameters are shown in the plots.
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orientation of the particles could be due to the influence of attractive interaction increased with increasing vertical sepa-
nonperpendicular ion wind. For the largest vertical spacingration. Fits to the attractive force are in good agreement with
the ion wind is no longer perpendicular to the electrodes bubur derived functional form while the repulsive forces are in
has been focused by the upper particle. As the particle sepgood agreement with the classic screened Coulomb potential.
ration increases, the attractive potential clearly decreases un- As the vertical spacing between the particles was in-
til at some point it becomes less than the horizontal compoereased, we observed a transition from repulsive, nonverti-
nent of the ion wind. Arguing against the ion wind is the cally aligned pairs, to attractive vertically aligned pairs, and
radially symmetric nature of the ion wind force. lon charge-then back to nonvertically aligned pairs. For the largest ver-
exchange collisions leading to fast neutrals are also a posdiical separations measured in this study, the lower particle
bility. Collisions between the focused ion wind and the back-did not form a vertical pair with the upper particle but rather
ground gas will give rise to fast neutrals with a vectorhad an equilibrium position offset from the bottom of the
direction that tends to point away for the center of the well.parabolic potential confining well. We hypothesize that the
Subsequent collisions with the neutral particle would providenonvertically aligned orientation of the particles is due to the
an outward directed force. These suggested mechanisms andluence of fast neutral collisions. However, future experi-
clearly working arguments that must be tested in futurements and models will be required to verify this proposal.
experiments. While caution must be observed in extrapolating one limited
set of measurements, our observation that the vertical align-
IV. SUMMARY ment of the particle pairs depends on the interparticle spac-
ing partially explains the wide variety of particle arrange-

~ The magnitude and structure of the attractive ion wakéments that have been previously observed in multiplayer
field potential below a negatively charged dust particle levi-paticle assemblies.

tated in the plasma sheath region was measured as a function
of the interparticle spacing. The ion wakefield force field
generated by an upper lighter target dust particle was deter-
mined by colliding it with a heavier probe dust particle levi-  This work was supported by the Division of Material Sci-
tated at a lower height. Attractive and repulsive interactionences, BES, Office of Science, U.S. Department of Energy
between charged particles were calculated using Newton'and Sandia National Laboratories, a multiprogram laboratory
equations for a number of experimental conditions. Thisoperated by Sandia Corporation, a Lockheed Martin Com-
method does not assume a form for the interaction potentiapany for the United States Department of Energy’s National
For these conditions, the peak attraction was 70 fN and deNuclear Security Administration under Contract No. DE-
creased with increasing vertical separation. The width of thédC04-94AL85000.
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