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Measurement of attractive interactions produced by the ion wakefield in dusty plasmas using a
constrained collision geometry
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Plasma dust particle interactions, charges, and screening lengths are derived from measurements of time-
dependent particle positions in a simplified geometry. The magnitude and structure of the ion wakefield
potential below a negatively charged dust particle levitated in the plasma sheath region were measured as
functions of the pressure and interparticle spacing. Attractive and repulsive components of the interaction force
were extracted from a trajectory analysis of low-energy dust collisions between different mass particles in a
well-defined electrostatic potential that constrained the dynamics of the collisions to be one-dimensional.
Typical peak attractions varied between 60 and 230 fN while the peak particle-particle repulsion was on the
order of 60 fN. Random thermal motion of the particles contributed to observable rates for transitions between
different equilibrium configurations of vertically separated particles. The influence of nearest- and non-nearest-
neighbor interactions on calculated particle parameters is examined using several methods.
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[. INTRODUCTION ing with plasma conditions. In most terrestrial dusty plasma
systems, the ion wakefield dimensions are on the order of the
Dust is a component of plasmas as diverse as interstella@lasma Debye lengt50-500 um) and usual probe tech-
regions, planetary rings, fusion reactors, and laboratory miniques are not possible.
croelectronics processing systems. In such tightly coupled Several recent measurements have begun to address this
dust-plasma systems, the dust modifies the plasma propertié$ue. Melzer and co-workers recently observed a nonrecip-
and the plasma gives rise to a number of long-range angpcal attractive interaction between two different mass par-
collective interactions between the dust particles. Particleticles[15,16. They measured an attractive force on the order

particle interactions and the forces that drive the interaction@f 1—8 fN for a helium plasma and dust particles consider-

depend on a myriad of variables such as plasma characterié?!V stmallerhtr;ﬁn tho?el used herlelz.d'_l'r;elr techmqufe uset(:] a
tics, dust density and material, external potentials, and th Ser 1o pus € particles a small distance away from the

flow of plasma past the particles. For micron-sized dust parg of the attractive potential well. From an analysis of
ticles immersed in idealized, isotropic plasmas, the particl the. par_ncle trajectories after the laser is turngq Qﬁ' d““f?g
. o ' : ' Svhich time the particles relax back to an equilibrium posi-
interaction is well represented by a repulsive, screened Co

lomb i ion. H : listi h Yion, a portion of the attractive potential well can be deter-
omb Interaction. However, in most realistic systems, there ISineq \we recently measured peak attractive interactions in

a positive ion flow around the negatively charged particlesloo mTorr argon plasmas that were on the order of 200 fN
which warps the sheath structure around the particles and 7] our technique determines the shape of the entire attrac-
generates a wakefield or a net positive space-charge regiqfye and repulsive potential from an analysis of constrained
downstream from the particle due to ion focusjig-4]. This 1D collisions between particles that originate at far distances
positive space-charge region interacts with the negativelfrom each other. The dust particles themselves were used as
charged particles to give rise to an attractive interaction an@robes of the wakefield potential. This work expands on our
a number of collective interactions in dusty plasmas. previous study and examines changes in both the magnitude
It is well known that dust particles levitated at the plasmaand shape of the ion-wakefield-induced attractive potential
sheath can form single-layeftwo-dimensional (2D)]  with pressure and vertical particle spacing. In addition, the
hexagonal-close-packed, triangular lattice structures that amagnitude and shape of the particle-particle repulsive poten-
dominated by repulsive screened Coulofiiebye interac- tial is derived.
tion [5—8]. More complicated 3D assemblies in dusty plas- We have also used the present geometry to measure the
mas show a range of order from face- and body-centeredthargeZ on the particles and the screening lengthsing a
cubic lattices to more amorphous arrangeméfts12]. In compressional or equation-of-sta(EOS analysis. These
the simplest view, the stability of multilayer structures ap-two quantities are fundamental parameters that depend on
pears to depend on the delicate balance between an attractitree electron density, electron temperature, particle character-
ion wakefield potential and repulsive Debye potentialsistics, and plasma sheath characteristics. In prior wotkas
[9,13]. However, this simple view is not universally acceptedbeen determined from Langmuir probe measurements of
because the largest 3D dust arrangements apparently shg@lasma propertie$18,19 or laser excitation of horizontal
little wakefield effec{14]. Thus the full impact of the attrac- waves in the dust crystdR0]. Measurements o have re-
tive interaction on dusty plasma collective interactions apdied on laser and rf excited resonance technigiid and
pears to an open question. In large part, this is due to the laakodels of the electrode shedith®2]. In contrast with prior
of measurements of the magnitude of the effect and its scalvork, our analysis does not rely on measurements of the
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plasma parameters and/or analytic models of the plasma
sheath. However, our analysis does rely on a model for the
particle interaction potentigscreened Coulomtihat is sup-
ported by measuremen{8] and, in the case of 2D dusty
plasmas, compares well with resonance technidigsUs-
ing the present simplified geometry, we present two methods
to deriveZ and\ values and then examine the uncertainty
introduced by neglecting non-nearest-neighbor interactions
for linear particle arrangements. 2
To reduce “potential” confusion, we mention that there
are two potential wells that are discussed during the course 5
of this work. The first is the potential well formed by the K
structure of the lower electrode and the rf driven sheath that lower electrode surface
forms above it. It is within this externally imposed potential
well that all the particles move and collide. The second, the
ion wakefield potential well, is the electrical potential formed tial surface, and the location of the linear particle assembly. The

downStream of e‘."‘Ch mdlv.ldual partl(.:le by the pOS|t_|ve 10N olor contours in the lower electrode surface encode hdighar-
flow: This potenUaI w'eII is res'pon5|bl'e fo'r nonreciprocal bitrary unit§ and show the location of the 3-mm-wide by 2-mm-
particle-particle attraction investigated in this work. deep trench machined into a 0.5 m radius of curvature, 5-cm-diam
lower electrode inseifmarked by the black circjeAn artist rendi-
tion of what a constant potential surface could look like is shown
above the lower electrode. The entire surface has a constant, time-
Particle interaction potentials, charge, and screeningveraged electric field and the colors encode heightarbitrary
lengths are derived from measurements of the particle inteMnits). While the curvature of the constant potential surface can
actions in a simplified geometry. The experiments were per(;om‘orm to the 0.5 m scale length, the f_inite plesma sheath will
formed in an asymmetrically driven, parallel plate dischargesmoom out the trench stru_ctu_re. The partleles _al_lgr_l themselves on
chamber, a modified gaseous electronics conferéG&L) this surface where the gravitational energy in minimized, i.e., above
f reference cel[23]. The lower electrode was capacitively € trench.
coupled and driven at 20 MHz and 1.8 W. Electron density
was approximately & 108 cm™2 while electron temperature thickness, approximately 5 mm. For this work, only linear
was 3 eV, as determined by a Langmuir double pf@deNo  arrangements of particles are generated or considered. With
external magnetic field was applied. Argon gas flow was 2his arrangement we could reproducibly generate collinear
sccm at 60 and 100 mTorr. The 10-cm-diam lower electrodeollisions with a constant vertical offs@éimpact parameter
contained a 5-cm-diam insert that was machined with a 0.bising two particles of different mass. The vertical confining
m radius of curvature spherical shd@el7]. Following this  forces (electric sheath, gravity, and ion wincare much
slight curvature, we machined a slot 3 mm wide and 2 mmstronger than the weak particle-particle interactions or ran-
deep across the diameter of the insert. A not-to-scale sketafiom Brownian motion, resulting in collision dynamics con-
of the rf-driven electrode and slot is shown in Fig. 1. Thestrained to motion in the coordinate axis parallel to the
particles were illuminated by a 532 nm, 10 mW laser using arough. The vertical movement of the injected particles
sheet of light produced with a scanning mirror and cylindri-damped quickly, as did any oscillation normal to the trough.
cal lens. Top and side views of the time-dependent particlén addition, the amplitude of Brownian motion normal to the
trajectories were captured on videotape using two CCD canirough was considerably less than the particle’'s distance of
eras and lenses. Pixel resolution was approximately 0.018losest approach.
mm. The videotape was digitized frame by frame and the The electrostatic trench was used for two different experi-
particle position extracted using image analysis algorithmsments. The first used particles of the same mass, and hence
The time spacing was 30 frames/s. the same height above the lower electrode, to generate the
Dust particles released above the plasma quickly developarticle chargeZ and plasma screening length from an
a negative charge, and fall downward under the influence afnalysis of the radially dependent particle spacing resulting
gravity and viscosity until the force of gravity is balanced by from gravitational compression. For this experiment, a few
the time-averaged sheath electric field produced by the lowdil—12 Melamine particles were dropped into one end of the
rf-driven electrode. A schematic representation of such amrough using a shaker arrangement. The particles slid down
electrical equipotential surface is shown in Fig. 1, as is thehe gravitational well until they formed a line of particles
location of the particles trapped in this potential well. Once(Fig. 2). The photo shows 12 particles of the same diameter
confined to the surface by the time-average electric field, thémas$ confined to a line by the electrostatic potential sur-
particles move mostly horizontally under the influence offace. For most conditions investigated, more than 12—14 par-
gravity to lower-energy locationgcolor variations depict ticles resulted in kinked lines. The center of the arrangement
height of the surfage The electrode slot forms a steep po- is at the center of the potential well. Due to the 0.5 m radius
tential gradient perpendicular to the line defined by the slotpf curvature of the lower electrode, the particle spacing in
with a curvature that is on the order of the plasma sheatithe center of the line is slightly smaller than at the edges. We

constant potential surface  particles

position (arb.units)

FIG. 1. (Color) Schematic of a portion of the experimental con-
iguration showing the lower, rf-driven electrode, a constant poten-

Il. EXPERIMENTAL SETUP
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the mass of the dust particle. The constdnt2mggc
=myg/R. is a harmonic restoring force constant for the lat-
eral motion about the center of the potential well if it is

} c 6.44 mm 3 parabolic, andRC_ls the radius of _curvat_ure of the Iqwer
electrode. We will treat the coordinate like a Cartesian

FIG. 2. Side view of a linear arrangement of twelve 1u®-  coordinate in the following discussion and allowo <r
diam Melamine particles. <o,

We can simplify the analysis of the force balance between
use this compression in a subsequent analysis to déraredl  the repulsive pair interaction potential and the applied com-
\. pressive force by deriving a continuum mechanics limit of

The second set of experiments discussed in this papeéhe discrete particle array. Let(r) denote the nearest-
examines the wakefield potential associated with an uppetreighbor(NN) spacing in the linear array, where the radius is
target dust particle by colliding it with a probe dust particle written to acknowledge that the average spacing will vary
levitated at a lower height. For these measurements, a singleithin the array. The line number density is related to the NN
Melamine particle was dropped into one end of the trougtspacing by
and fell to the bottom of the spherical electrode with a time
constant determined by gas df&g. At a later time, a second n=1/s 2
particle with a different diameter, hence a different height o
above the lower electrode, was dropped into the opposite erff @y p_omt in the array. . .
of the trough. The resulting images as the particles collided we will takg the pairwise |nte'ract|on potential energy be-
at the bottom of the well were then recorded. The time-"€eN the particles to be a function of the separasiof the
dependent particle positions were extracted from the digiParticles\Vpair(s). The potential energy per particle in a lin-
tized videotape and analyzed for the interaction force poter€&f @@y iSVpair(s) when NN interactions dominate. \We

tials. These two separate but complementary measuremerfd!l discuss corrections to the NN assumption below. The
are described in the following sections. potential energy density within the layer is given by

e(r)=n(r)Vpair(s(r)), (3

which is in units of energy per distance in a 1D geometry.

i From the steady-state Euler momentum equation for a
the plasma sheath around each particle are fundamental P&ntinuum fluid, or just from simple addition of forces, one

rameters that depend on the particle and plasma characte@én argue that the equation relating the pressi(rd and
tics. The linear arrangements of particles produced by OULternal force applied to the array is just

experimental geometry are a simplified system in which to
test several methods of deriviriy and \. In the following dp(r)

sections, we derive an equation-of-state description of the 1D ar n(r)f.(r),
particle arrangement. That analysis is compared with a direct
method that sums the forces on the particles. The influence
of including nearest-neighbor and non-nearest-neighbor in-
teractions is discussed.

Ill. DETERMINATION OF Z AND A

The charge& on the particle and the screening lengtbf

=—n(r)mygh’(r), 4
~—Kkrn(r),

A. Equation of state for a 1D confined array of particles wheref, is the force on an individual particle as given in Eq.

In this section we derive a constitutive relation by meandD- ) ] ) )
of an equation-of-statéEQS analysis for the equilibrium Pressure is defined by the change in energy with volume,
assemblies of dust particles trapped in a linear array. Corr With length in this 1D case. Consider a lengtfwith N
sider a single particle to be at equilibrium in the nearly ver-particles withinL. The number density ia=N/L. Solving
tical curvilinear coordinate perpendicular to the electrodefor p using Eq.(3) and the definitions ok, e, andn gives
Because the ion wind and thermophoretic force vectors are
perpendicular to the surface, we know that only gravity and dE diLe(s)] —_ d[LN(S)Vpair(s)]

the viscous forces can act to accelerate or decelerate an iso- ~dL d[N/n(s)] Nds
lated particle in the lateral direction parallel to the trough. V... (s)
This allows us to write the& component of the force in a —_ _pan? (5)
simplified form, ds
f.=—h'(r)ymyg~—2crmyg= —Kkr, (1) This relation applies at any position within the array where

the local pressure ip(r) and the NN separation is(r).
whereh(r)~cr? is the height of the spherical surface of the However, it can only apply at the endsy,, , of the array, if
lower electrode as one moves away, parallel to the troughtthe NN separatios is allowed to become infinite there. This
from the lowest position centeredrat 0. The prime denotes is consistent with zero density far>x,,. The appropriate
a derivative,g is the acceleration due to gravity, ang, is  boundary condition for the outer particle at the end of the
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dust array can be found by balancing the inward force due to
the external field with the pairwise force with the next in-

. . . —_ Py 6.86 um
ward particle. The force balance relation is E ok |
bair(Sw) = fr(rw) =~ —kry, (6) Eal Ty, ]
for the positive end of the array, indicated by the use of the 0 s s X :
radial coordinate.
We can now combine Eq$4) and (5) to give a balance al

equation for the pressure within the array,

Iy (Mmm)

dp(r) _ d deair(S) _
ar = dr s = NOf(n), %

T S L) L)
.
8.34 um
| \\,\ ]
®
1 { 1

in which s is implicitly a function ofr. If we introduce Eg.

(2) to replace the number density and the quadratic expres- T T
sion for the curvature implied in Edq1), this reduces to _ T 9.78ym |
£
J 2F .
SVipai(s)ds=krdr. (8) \EE
This is the equivalent of Eq21) in Ref. [6] for a linear - o |
array. The first integral of Eq8) can be found, 0 - . - .
dVyair(S) s 1 | &
%_Vpair(s) = Ekrz, 9 _ 3 11.93 um
So E 2| ]
where the notation indicates that the expression is to be £l * ]
evaluated as[f(x)]g=f(b)—f(a). Boundary conditions
have been applied such that 0 corresponds to NN separa- ol
tion s=s, at the center of the array. As—s),, Wheresy, is 04 06 08 10 12 14
the maximum pairwise separation at the ends of the array, sg (mm)

approaches the outer radigsnds of the linear arrayr, .
This expression fory, is a function ofs,, reflecting the fact _ : o :
that the compression of the array at the center depends on t ctions of the particle spacing in the center of the line for four

size and cumulative weight of the array. This can only bé ifferent particle diameters. The line is a fit to the data using a 1D
determined by an integration of the noniinear ordinary dif_equation of statgEg. (13)] to derive the charge on the particles and

. . th ing | th. Th 100 mTorr.
ferential Eq.(8) connectingr ands. € screening feng © pressure was myor

The goal of this work is to derive interaction parameters _ _ o _
from observations of the plasma crystal compression. We ddhe singular point., wheres— occurs at a point in radius
that by choosing the NN pair interaction to be a Debye-greater thamry . An approximate connection of. andry

FIG. 3. Maximum radius of the linear particle assemblies as

shielded Coulomb potential, can be found to be,~ry+5sy/2. This allows us to write
) down an equation suitable for determinidgand \ by a
(ggldme,) A regression analysifleast-squares fittingof data tabulating
Deb _ _
Vpair’ (1= —————exp(—1/\)=exp(—r/\), the minimum NN distance and maximum radius of the par-

(10)  ticle arrays,

whereqyq is the total charge on the particle-¢ge) and\ is

the screening length, the two parameters of interest. We note 1 \/ A

that no assumptions are made as\tbeing the bulk plasma fM="5S T \ X —So/M)
screening length. Evaluation of EQ) gives

A

2 1)
S—0+—. (13

(11) The constanA is defined in Eq(10) andk in Eq. (1). The
quantitysy, has been replaced g4 in Eq. (13) without too
much error in order to avoid unnecessary data tabulation. An

using the same notation for the brackets as in(@j.If we  example of the fits to Eq(13) is shown in Fig. 3 for four

label the point in radius where the NN separation becomedlifferent particle sizes. The charges on the dust particles
infinite asr.,, we see that,, is given by were 7400, 10400, 14 300, and 19500 electrons, and the
screening lengths were 270, 330, 410, and 400 for par-

ticle diameters of 6.86, 8.34, 9.78, and 1148, respec-

tively. The screening length of the interaction varied with

2
ri(s)= K Vost{s)

2+S
\

So
s

So

2+ = vPebyas . 12

pair

Kk
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particle size because the different mass particles levitated atherer;; is the spacing between the two particles denoted as
different heights above the lower electrode with differenti andj, andr, is the spacing between tlikh point and the

plasma properties. center of line, with the particles labeled from 1 to 5 from the
center to the edge. For this set of equations, non-nearest-
B. Corrections for non-nearest-neighbor interactions neighbor interactions are included and are represented by the

In the full “molecular-dynamics” simulations of the dust radial index terms that have a difference of 2. Similar sets of

particle motion and crystallization, we include the pair inter-coupled equations can be written for two or more particles
action summed over all dust particles. However, in theconfined to a linear potential well. Usingand\ as regres-
equation-of-state analysis, only the NN interactions were insion parameters and the difference between measured and
cluded because of the short range of the exponentiallgalculated positions for all lines of two to twelve particles as
shielded Debye interaction in the ordered array. In the studyn error measure, we optimiZeandX to produce the best fit
of finite 2D lattices[6], a correction to the NN approxima- to all of the particle positions.
tion was found which improved the simple EOS analysis. We Particle positions for one to twelve particles are shown in
can make an approximate correction for non-NN effects byFig. 4 for four different particle diameters. The data were
the following. obtained by putting a fixed number of particles in the line,
Consider a single particle in a uniform 1D line. There arephotographing the particle positions, then using our image-
two NN particles at distance. The next-NN group has two processing algorithms to extract particle locations. We then
particles at distances? then two more at 8, and so on. This  change the number of particles and take a new photograph.
total interaction energy, per particle, is given by the sum  The zero-particle position is determined from the center of
Vei(S) = Vpair(S) + Vpair(25) + Vpair(3s) +--+,  (14)  Mass for egch p_article line an(_j.varied by Ie;s than 0.05 mm
for all particle lines. The positions of particles not at the
which for the Yukawa or Debye form of the pair potential is center were averaged with the symmetrically located particle

easily summed to give position and the positions were plotted from a radial position
1 of zero outward. The lines connect the particle positions cal-
Vgaei?ye(s)zAgexp(—s/)\), culated from the optimunZ and\. Values forZ and\ are
shown in each graph. In general, the calculated positions
1 1 appear to be in good agreement with measured values. Dis-
Veff(S):Agm(m)- (159  placing the particles 5% from their measured positions, as

could be produced by random thermal variations, tested the
An examination of the sum shows that the non-NN correcsensitivity of the fit to small variations in the particle posi-
tion is relatively less important for the linear array than thetions. The optimumZ and X\ values that fit the displaced
2D disk of dust particles. For our conditions, a typical arrangements were approximately 10% different from those
non-NN  interaction  length of s/A=3 vyields determined from the undisplaced experimental data.
VDsq(s)/Ve(s)=0.97. For this reason and algebraic sim-  For our experimental conditions, the force due to non-
plicity, we do not include it in the regression analysis to nearest-neighbors can be characterized as small but not quite

determineZ and\. negligible. By way of example, we consider a typical screen-
ing length of 300um, a typical interparticle spacing of 0.5
C. Atomistic force balance mm, and a screened Coulomb interaction. The ratio of the

Due to the relatively small number of particles present inféPulsive force due to second nearest neighbors to nearest
the linear arrangements, it is straightforward to write a set of€ighbors is 10%. For our conditions, we can safely neglect
coupled equations to describe the particle positions in term#ird-nearest-neighbor interactions since that force ratio is
of Z and \. We take the repulsive forcé as a screened 1.4%. Due to the relative simplicity of the force balance
Coulomb interaction, as shown in Ed§) and(10), and the equations in Eq.(16), we can turn off the non-nearest-
radial dependent force term due to gravifyas given by Eq.  neighbor interactions and observe the effect on the optimum
(1). Considering a line of 11 particles as an example, theZ, A, and calculated positior(§ig. 5. The optimumZ and\
force balance equation for the particles, assuming symmetryary by approximately 15%; however, to the eye the calcu-
about the center of the line and including both nearest anthted positions based upon the Zitand X look very close.
second nearest neighbors, can be written as a set of couplathus it would be easy to be misled by the apparently good

equations, fit, even if all the important forces are not included.
= The values foZ and\ obtained from the 1D EOS and the
fr(rag) +fr(rgs) ="fu(rs), : T
two global fit models are summarized in Fig. 6. In general,
fr(rag) +(rog) =fu(ra) +f(ras), the values obtained using these three methods agree to within
¢ ¢ _f ¢ ‘ 20% and they have the same scaling with particle diameter.
r(F2g) +11(r19) = fu(ra) +fr(raa) +1:(rs), The uncertainty for the 1D EOS fits is shown as the error
F(ry0)+F(ro)=Fu(ra)+ f,(Fag) +F,(Fa), bars in the figure. Comparison of these valuesZofnd A

with our previous measurements and with other values in the
fre(r)+f.(2r)=Ff,(r)+f(rip+f(rg), (16 literature are within a factor of [5,6,21,22. However, direct

046401-5



G. A. HEBNER AND M. E. RILEY PHYSICAL REVIEW E68, 046401 (2003

T
| |_non-nearest neighbors i
— 3 — 3 11.9 um
e } . € [z=17270 :
£ 2 i E ,|»=5%um i
[ =4 c
kel L 4 kel L J
g 3
11 T g 11 T
0 0
—————T———TT T~
. | nearest neighbors .
— 3 —_ 3 11.9 pm
c } . € [ z=20780 ]
E, i E 5L r=451um J
§ | ] g1 _
g 1f 1 g1} 1
0 0
0
3 number of particles in line
E ) 1 FIG. 5. The lines connect calculated particle positions assuming
=t 2 ] non-nearest-neighbor interactions and only nearest-neighbor inter-
:‘%3 i ] actions. Fit values foZ and\ are shown in each figure. The data
g 1F . points are for the 11.&m particles shown in Fig. 4.
0 tively massive compared with ions and electrons, their posi-
—r— Tt tion is fixed while the electrons and ions sweep past them on
] rf time scales. An ion-induced-wakefield potential is formed
£ ] on the downstream side of the negatively charged particles as
£ | the positive ions flow past, and are focused by the negatively
5 | charged particles. The electron behavior is more thermal
=
o -
e 600 .
1 € L @ 1DEOS |
= 500 k@ non-nn B
s A nn i
2 LoF ¢ ;
number of particles in line g 400 m] 1 a
. : . g) 300 F ; A h
FIG. 4. Position of the particles as functions of the number of S %
particles in the line for four different particle sizes. The points are g 200 b B h
measured values. The zero-particle position is determined from the @ .
center of mass for each particle line and varied by less than 0.05
. - e . [} T
mm for all particle lines. The positions of particles not at the center 5 o
were averaged with the symmetrically located particle position and 5 2} A A
the positions were plotted from a radial position of zero outward. 3 . i
Thus it appears as if only half the line is plotted. The lines connect “§ L
the particle positions calculated from the optimdnand\. Values 21t 4 g s
for Z and\ are shown in each figure. The pressure was 100 mTorr. g ] ]
c
<
comparison is complicated due the sensitivityZodnd\ to = '
plasma conditions, gas, and in some cases confining geom- 5 10

etry. We note that previous work showed good agreement

between derivingZ and A from a 2D EOS compression particle diameter (um)

analysis and the particle oscillation techniqég FIG. 6. Charge on the particl& and screening length as

functions of the particle diameter. The values were derived using

three different methods, the 1D equation of stdfe EOS, and the

full particle interaction model including non-nearest neighbors
Due to the charge on the particles, they levitate in a regiofinon-nn and only nearest neighbofsn). The solid points were for

of the rf sheath where the time-average electric field is apa pressure of 100 mTorr while the open symbols were for 60 mTorr

proximately 5—20 V/cn{6]. Because the particles are rela- (only determined using the non-nn moyel

IV. WAKEFIELD POTENTIAL
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+
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> _
E
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Electrode o
c
FIG. 7. Schematic of two particles showing upper particle of g
massm,, lower particle of massn;, and ion wakefieldpositive = 0
space-charge regiptelow the upper particle. The 0.5 m radius of © i
curvature of the lower electrode is greatly exaggerated. The height TR TR AT

difference between the particles wasnd the interparticle separa-
tion wasrq,. The center of the well is defined as zero and the
horizontal distance of the particles from the center of the wetl is
or Xs.

0 2 4 6 8 10

time (s)

. . . FIG. 8. Horizontal &) coordinates of the 8.34- and 11.93n-
(collisional and they act to shield the ion space charge. Thed‘[| © A

fthe i kefield has b lculated b iam particles as a function of time at 60 mTorr. The upper plot
structure of the ion wakefie as been calculated by SeVerghows the time-dependent particle positions relative to the center of

groups, each using various simplifying assumptions for thigne wel| while the lower plot shows the difference between the two

computationally challenging probleii,4,17,24,2% Under  positions. The inset in the lower plot is an expanded view of the
certain conditions, the resulting positive space-charge regioparticle oscillation.

can produce relatively strong attractive electrostatic interac-
tions with other particles. However, we note that even theshown in this figurg At later time, the lower particle was
basic idea of electrostatic attraction is open to discussiomadded and both the upper and lower particle came to a new
[26]. A schematic of the simplified particle interaction is quasiequilibrium positionoffset from the bottom of the
shown in Fig. 7. The upper particle of mass has a smaller gravitational potential wellf{=0). This offset behavior was
diameter and mass than the lower particle of ntags Con-  previously observed in both this geometry and other work
sidering only dominant interactions, the upper particle inter{16,17. In those cases, the off-axis position was likewise
acts with the lower patrticle via repulsive interactions arisingstable.
from the screened Coulomb potentials as characterized by The nonvertically aligned pairs show correlated motion
each particle’Z and some\ appropriate for the pair. How- and the importance of random thermal velocity in the rela-
ever, the lower particle also reacts to an electrostatic attradively slow rate of vertically aligned pair formation. At
tive interaction between the positive space-charge region ang 3.5 s, the lower particle moves towards the upper particle
the negative dust particle’s surface charge, in addition to thédue to relatively large thermal motionand the upper par-
reciprocal repulsive interactions with the upper particle.ticle moves away and up the gravitational well. The lower
While there is also a space-charge region below the loweparticle then retreats and the upper particle moves back down
particle, for our conditions, we estimate that it does notthe well. In this case, the upper particle motion is driven by
strongly interact with the negative charge of the upper parthe lower, which is not the case when the particles form a
ticle due to its relatively large distance and thus we do notertically aligned pair. At~6 s, the random thermal motion
include it in our force analysis. of the lower particle is large enough to overcome the repul-
Collisions between two particles at unequal heights aresive potential and the lower particle falls into the attractive
used to measure the ion wakefield potential. An example of @otential, forming a vertically aligned pair. For this set of
time-dependent trajectory is shown in Fig. 8 for one 8-  conditions, the horizontal oscillations of the lower particle in
diam particle interacting with one 11@m-diam particle. the bottom of the potential well are relatively lar§@7].
Only the horizontal distance between the particles is showiVhile the data are noisy, the averaged horizontal oscillations
or analyzed. The vertical distance between the particles vafrom several experiments have a dominant frequency of ap-
ied by less than 0.02 mm, reflecting the strong vertical conproximately 3 Hz. The 3 Hz oscillation does not change sig-
fining forces and the lack of changes in the particle chargenificantly with time, indicating that the bottom of the attrac-
For this particular set of particles, the top particle was addedive potential is quasiparabolic. After the vertical pair is
first, then came a rest at a horizontal position of z@rot  formed, the horizontal force was removed and the pair drifts
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back tor=0 with a single exponential decay whose time value of the attractive force, which should be zero for large
constant is given by the drag on theperparticle. In con-  particle separations, depended strongly on the value of the
trast with the nonvertically aligned pairs, the lower particlegas drag. As in previous work, the measured drag coeffi-
in the aligned pair follows the upper particle position since itcients are in good agreement with calculated values to within
is trapped in the ion-wakefield-potential well. In all cases,the uncertainty introduced by the dominate neutral scattering
there was a delay time of 1-10 s between the formation of afhechanism and gas temperatiie27]. We note that our
off-axis, nonaligned pair and the rapid formation of a verti-nove| technique of directly inverting the NEOM avoids
cally aligned pair. This difference is attributed to the impor-gpecifying the functional forms of the particle-particle inter-
tance of random thermal energrownian motion provid-  action. As the lower particle moves into the space charge
ing an extra velocity kick to the lower particle to overcome 8region, it will change the shape of the ion wakefield poten-
repulsive potential energy barrier before falling into the at-tj|. Because we know the confining force due to the curved
tractive wakefield potential. The ability to observe a macro-gjectrode, the drag force due to neutral gas scattering, and the
scopic process controlled by stochastic molecular eventsharges of the particles by single-layer analysis], we can
(Brownian motion seems rather unique in kinetics. It is in jsolate thefull interaction of the particles. The ion wakefield
fact a prototypical model of a chemical reaction. _ otential can be obtained by integrating the force maps dis-
The interaction potentials are obtained from the particlesg,ssed below.
position and velocity by numerically inverting the NEOM  gyperimentally determined attractive potentials are shown
(Newtonian equations of motigrshown below. Due to the iy Fig. 9 as functions of the horizontal particle separation
experimental geometry and vertically constrained motion, w X,—X,|, pressurdgraphs(a) and (b)], and vertical particle
have only a 1D set of equations. The upper particle i”teraCt§pacing[graphs(c) and (d)]. Data from three to eight colli-
with the lower particle through a repulsive potenti@(r12),  sjon events are shown. Whether an upper particle was in-
wherer 5= V(X1 —X2)“+h?, with h the vertical spacing be- jected towards the already present lower particle or vice
tween the particles anx the Cartesian coordinate parallel to yersa made no difference, as previously observed. For these
the trough(Fig. 7). The lower particle, however, responds to experimental conditions, the peak attractive force varied be-
both the above repulsive interaction and an attractive forc@yeen 230 and 60 fN with a maximum force obtained at
generated between it and the wakefield(|x,—X,[,h). In horizontal particle separations between 200 and3®0 De-

this limit, the NEOM for the two particles are creasing the pressure from 100 to 60 mTorr resulted in an

p increase in the peak attractive force from 160 to 230 fN as

G - X2~ X1 well as a slight broadening of the potential. The increase ma

MX;+ Mgy X+ KX =| ——=V5— — Va(|X;—X5|,h) |, 9 g PO : ; Y
T TRYIm TR ro 0 ox allxa=xl.h) be due to several possible mechanisms. Decreasing the pres-

(17)  sure would increase the ion mean free path and the magni-
tude of the ion focusing below the upper particle. A higher
X2 Vi (1) (18) positive ion space charge would result in a stronger attractive
ry, 001 potential. In addition, the lower pressure also results in less
gas drag, which can increase the peak velocity and force.
wherem; is the massy; is the Epstein drag coefficient, and Measurements of the charge and screening length discussed
ki=m;g/R. with g the acceleration due to gravity aRd the  above and shown in Fig. 6 do not vary greatly with pressure,
radius of curvature of the electrode. The subscript 1 denoteso changes due to particle properties are likely secondary.
the lower particle and the subscript 2 denotes the upper parncreasing the lower-particle diameter from 9.8 to 1@
ticle. Solving forf,= —(d/9x1)Va(|X1—X5|,h) and the re- increased the vertical particle separation from 0.55 to 0.75
pulsive forcefg=V[(ri,) as functions of the interparticle mm and decreased the peak attractive force from 110 to 60

X1

m25'(2 + m2 ')/2)'(2 + k2X2 =

spacing yields fN. Due to different mass, the 118m particle integrates a
. _ different horizontal slice of the ion wakefield potential than
f A= MyXy+ My y1Xg+KaXg +MoXo+ My yoXa+KoXa, the 9.8um particle. Despite the larger charge on the 14n9

(19 particle, the peak attractive force was almost a factor of 2
smaller, likely due to the larger vertical particle separation.
2 [My+ My YKo KpXo] (20) Thus the ion wakefield potential has a finite extent and de-
Xp—Xpo 202 2Y2%2 T %272l cays fairly rapidly with vertical distance below the upper
particle. These observations are consistent with most models
Thus the attractive and repulsive potentials can be derivedf the wakefield potentidll,4,17,24,2%
from only the particle positions as functions of time. The first  Experimentally determined repulsive potentials are shown
and second derivativeselocity and accelerationwere cal-  in Fig. 10 as functions of the absolute particle separatign
culated after three-point smoothing was performed on theressure[graphs(a) and (b)], and vertical particle spacing
time-dependent position data. Experimentally measured Eggraphs(c) and(d)]. Due to the k,—x;) term in the denomi-
stein gas-damping rated00 mTory of 30, 25, 22, and nator of Eq.(20), the repulsive data became very noisy as the
17.5s ' were used for the 6.86-, 8.34-, 9.78-, and 11.93-particles vertically pair and are not shown. Decreasing the
pm-diam particles, respectively. Rather than use calculategressure from 100 to 60 mTorr resulted in a slightly in-
Epstein drag coefficients, we experimentally determine the&reased repulsive force. Since the charge on the particles and
values for each experimental condition, since we find that théhe screening length did not change greatly, one would not

fR:
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FIG. 9. (Colon lon wakefield attractive potentials as functions  F|G. 10. (Color) lon wakefield repulsive potentials as functions
of the horizontal interparticle spacing. The particle diameter and the the interparticle spacing. The particle diameter and the pressure
pressure are shown in each plot. The data points are shown as poiRfge shown in each figure. The data points are shown as points while
while the lines are fits to the attractive potential form described bythe lines are fits to a screened Coulomb potential described by Egs.
Eq. (21). The fit parameters are in Table I. (6) and (10). The fit parameters are in Table II.

expect large changes in the repulsive potential. In additionThe repulsive potential was fit to a screened Coulomb form
increasing the particle spacing by changing the particle mag¥gs. (6) and (10)]. To find a functional form of the wake-
resulted in small changes as well since the particle charggeld potential, we used an approximate thermal average of
and screening length increased a small am@tanivithin the  the first-order result for ion scattering from a Debye interac-
uncertainty. tion of screening length [17]. That analysis showed that

The solid lines shown in Figs. 9 and 10 are regression fitshe dominant cylindrical radial dependence of the wakefield
to functional forms for the attractive and repulsive potential.potential was
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TABLE |. Values for regression fits to the attractive potential ~ TABLE Il. Values for regression fits to the repulsive potential

given by Eq.(21). given by Eq.(10).

Particle Pressure Particle Pressure

diameter(um)  (mTorn  Aw/\ (100 N) a (um) N (um) diameter(um) (mTorr) A (10—20 Jm A (um)
8.3, 11.9 100 —397 410 185 8.3, 11.9 100 2.7 750
8.3, 11.9 60 —5900 600 141 8.3, 11.9 60 4.3 557
6.7, 9.8 100 -90 282 220 6.7, 9.8 100 2.9 428
6.7, 11.9 100 —290 550 201 6.7, 11.9 100 3.5 390

B — proach. It was also possible to examine the effect of includ-
V(r)=Awexp —yas+r/r), (21 ing or not including non-NN interactions. We found differ-

whereA.. is a function of plasma and dust parameters. and €"C€S in the optimurZ andA obtained from each technique
W P P ' were on the order of the ratio of nearest-neighbor to non-

depends on the thermal averaging of ion motion. The useful- o . .
ness of Eq(21) lies in the fit to the experimental data: the nearest-neighbor force. For this work, that difference was

N X L 10%.

32{3;3:;'2??“32;5?2?;” :Q&C?iirew?;?uqt alr r? t(;?]en:;n¥hgo ﬁtt)e The second set of experiments measured the ion wakefield
y ; P . -nyg ' Jorce field generated by an upper lighter target dust particle

for both the attractive and repuls_|ve potentlals are good. Valb colliding it with a heavier probe dust particle levitated at

ues for the atiractive and repulsive fit parameters are ShOWg/lower height. Attractive and repulsive interactions between

in Tables | and II. From the regression fits we calculate tha harged particles were calculated using Newton's equations

EahbeOL\JAt/%kgﬂ\(/a Igegotz?:fé ;\t/aelgzrgt'ioi(egg,tr;fe ?ﬁgtrgﬁﬂg ; olora number of experimental conditions. This method does
’ P P P "hot assume a form for the interaction potential. The magni-

mm, in reasonable agreement with our calculatidng. The tude and structure of the attractive ion wakefield potential

f't.to the repullsive force y|elds afy, value that IS consistent below a negatively charged dust particle levitated in the
with our measured particle charge bui_?\ahat IS approxXi= 1, 1asma sheath region were measured as a function of the
mately a factor of 2 larger than that derived from an analys'%ressure and interparticle spacing. The peak attraction was

of the particle_ monolayer_ compressi{ﬁl]. The larger value 230 fN while the peak repulsion was 60 fN. Peak attractive
Ioefnﬂlﬁ s\(/:\;:er?n%t:]eensgtg 'fh;pﬁ:%a(.:shlggeﬂlg ?:;Ctr:(.)nhg,e%y otential increased with lower pressure, likely due to an in-
gth. yp 12 IS 1S du 9 IO reased ion mean free path and hence increased positive ion

\slilggrt'\)i/nmagzjeavllacrmg)r/ [;);btheeIepnartt;\dfc’)wge“\;g]rg tr|1eeszs|: r(])f ipace charge, and a decrease in the particle gas drag. In
g 9 y gth. ’ ddition, the attractive potential has a finite vertical extent

T e R oottt cecays fail rapcly wih verical cistnce beow he
physical and needs to be modified in future work pper p_artlcle. Flts_ to the attractive force are in good agree-

' ment with our derived functional form while the repulsive
forces are in good agreement with the classic screened Cou-

V. SUMMARY lomb potential.

For some particle combinations, the influence of random

d thermal particle motion on the force balance is important.
aThe energy provided by thermal motions was observed as

simplified geometry. A slot in the mildly parabolic lower correlated motion between nonvertically paired particles and

rf-driven electrode formed a narrow electrostatic trench thaprowdes the added energ\yelocny) fqr the lower part|gle to
confined the particles to a line. This geometry was used fopvercome a smgll repulsive potential well and fall into the
two different but complementary experiments. The first usedttractive potential.

particles of the same mass, and hence the same height above
the lower electrode, and deriv&dand\ from an analysis of

the radially dependent particle spaciriy.and \ increased This work was supported by the Division of Material Sci-
with increasing particle diameter. The slight parabolic curvaences, BES, Office of Science, U.S. Department of Energy
ture of the lower electrode gives rise to a radially dependenand Sandia National Laboratories, a multiprogram laboratory
component of the gravitational force and radially dependenbperated by Sandia Corporation, a Lockheed Martin Com-
particle compression. Due to the relative simplicity of thepany for the U.S. Department of Energy’s National Nuclear
geometry, a direct comparison could be made between a 1Becurity Administration under Contract No. DE-ACO04-
equation-of-state analysis and an atomistic force balance a@4AL85000.

Plasma dust particle interaction potentials, cha#jeand
screening lengtha were derived from compressional an
collisional measurements of the particle interactions in
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