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Analysis of the particle interactions in a two-dimensional-plasma dust crystal and the use
of dust as a probe of the time-averaged presheath electric field
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A method for measuring the interactions of dust particles within a two-dimensi@ballayer in a plasma
is presented, along with the use of dust as a probe for determining plasma presheath electric fields. Particle
interactions were directly determined from the lateral compression of two-dimensional plasma dust crystals
confined in a parabolic potential well. The shape of the parabolic potential well was confirmed by observing
trajectories of single particles falling within the well. Particle trajectories were in good agreement with values
calculated using gas temperatures derived from laser-induced-fluorescence measurements of the argon meta-
stable velocity distributions and assuming diffusive gas scattering. Measured particle separations combined
with an equation of state for the crystal were used to derive values for the plasma screening length and the
charge on the particles. Screening lengths and charges were measured for a range of plasma power, pressure,
and particle diametdmass. Analysis of the particle heights and charge were used to derive the time-averaged
electric fields at the edge of the rf driven plasma sheath. Measured electric fields were between 5 and 22 V/cm.
For smaller particle diameters, the ion wind force was comparable to the force of gravity. These measurements
showed that the particles are confined to the bulk-plasma side of the classical Bohm point.
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I. INTRODUCTION on the accuracy. Riemann has developed a model of the
presheath plasma potential in whidkec \x, wherex is the
The plasma presheath region, the transition region bespatial location5].
tween the bulk plasma and the classical sheath near surfacesin this work, we show how characteristics of plasma dust
imbedded in the plasma, has received little experimental otrystals can be used to ascertain the electric field distribution
theoretical attention. The plasma presheath is an interestirig the presheath region of an rf discharge. In order to use
part of the discharge because in this region the plasma begimist crystal properties to determine the presheath field, it is
to change from a quasineutral charge balance to a spacaecessary to accurately measure the charge that accumulates
charge-dominated plasma as the ion and electron densities the dust particles. We have developed a systematic proce-
begin to differ. Traditionally, one side of the presheath isdure for determining the charge on the dust particles by ana-
defined by the Bohm point, the point in the sheath where théyzing the crystalline structure. Using this systematic ap-
ion energy is equal to the electron temperature in energproach to find the accumulated charge on particles of various
units. The other side of the presheath, the point in the bulknasses, we have been able to determine the presheath field
plasma where the electric field begins to deviate from thalistributions and to test Riemann’s model of the presheath.
value in the bulk plasma, has no practical definition. Plasmas containing dust particles occur in fields as di-
Experimentally and theoretically, the plasma presheath reverse as interstellar space and microelectronics processing
gion is challenging. For example, it is difficult to directly discharges. Under appropriate conditions, first identified in
measure the presheath electric fields since most diagnosti®94[6,7], the dust particles will assemble into a crystalline
probes introduce unacceptable perturbations due to their owstructure. Since those first observations, experiments and
undefined sheaths. While optical experiments have measureghalyses have examined interaction mechanisms and collec-
the shape of the electric field in the sheath for both directive properties[8,9]. In a more general view, plasma dust
current and radio frequendyf) driven discharges, the elec- crystals are a subset of broader work to understand the struc-
tric fields present in the presheath region are too small foture and dynamics of charged particle assemHligs-14.
most diagnostic techniquéd—3]. Recently, Oksuz and co- Examples of such systems range from laser cooled ions con-
workers used a Mach probe and laser-induced fluorescendmed by traps[15,1€ to colloids trapped between glass
to measure the ion velocity in the presheath region of a dplates [17,18. It has been established that shorter-range
dischargd4]. They showed a distinct transition from linear shielded Coulomb interactions typical of our system form
to nonlinear scaling of ion velocity. Theoretically, the close-packed arrays rather than the Wigner ring structure of
presheath region is also challenging since subtle changes two-dimensional2D) Coulomb interaction$§11,13].
the field, slight departures from perfect velocity distributions, Most plasma dust experiments are performed using
and difficulties in boundary conditions can have an impacimicron-sized particles in rf-excited, parallel-plate discharges.
In the plasma, injected dust particles charge negatively as
they drift downward under the influence of gravity. The dust
*Present address: Career Enrichment Center, Albuquerque Publiorms a levitated layer of particles above the lower electrode
Schools, 807 Mountain Rd. NE, Albuquerque, NM 87102. at the point where the vertical electrostatic forces produced
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by the electrode plasma sheath are counterbalanced by grav-

ity. Weak radial components of the forces then can cause the <<<<<<<<r<n/irror

dust particles to form an ordered, 2D structure characterized

by a dominant hexagonal closed-packed structure, a plasma  ——

dust crystal. An accurate measurement of the charge on the Laser

particles at this point in the plasma can be used to derive the llumination

sheath electric field. e
In most experiments, the horizontal confining forces on ll [ ls —— i|

the 2D plasma dust crystal are many orders of magnitude L - \ pherica

weaker than the vertical confining forces. Thus, knowledge ,rfggfs

of the radial or horizontal confining forces is critical in de-

termining the properties of the resulting 2D crystal. In the FIG. 1. Experimental setup. The grounded upper electrode was a

majority of the experiments to date, a confinement ring oring with an outer diameter of 165 mm, inner diameter of 76 mm,

structure placed on the flat lower electrode provides the raand an interelectrode spacing of 30 mm. A 6-mm-thick, 100-mm-

dial confinement. However, since the plasma sheath cann@iameter aluminum disk with 50-mm diameter interchangeable in-

exactly conform to the shape of the structure due to a finitgerts of various radii of curvature was placed on the rf driven lower

Debye shielding length, the shape and uniformity of the re£lectrode.

sulting potential well and the magnitude of the radial confin-

ing forces are spatially nonuniform and difficult to quantify. measured using previously reported voltage and current mea-
We report in detail the use of a curved lower electrode withgyrement techniques and prod@$]. The grounded upper
a spherical radius of curvatur®; to provide a well-  glectrode was a 4-mm-thick ring with a 165-mm outer diam-
characterized transverse confining fofpeessurgon the 2D gter and a 76-mm inner diameter. Interelectrode spacing was
plasma crystal§19]. We analyze the compression of the 2D 39 mm. Argon gas flow was 1-4 SCCMubic centimeters
layer subjected to this pressure to determine the constitutivger minute at STP To eliminate the influence of gas motion
intgraction of the particlgs, which is a repulsivg D_ebye-On the crystal shape, the gas was injected into and pumped
shielded Coulomb field with dust chargeZe and shielding oyt of the lower, baffled chamber of the GEC reference cell.
Iength?\. Zand\ are rgquwed t'o characterize Fhe interparticle for some gas injection configurations, gas motion strongly
potentials, to examine details of the particle sheath anthfiuenced the stability of the plasma crystal or induced ro-
charging, and to evaluate the influence of ion wake fields oRations.
multilayer plasma crystal formatidi20]. For our experimen- Melamine particles with diameters between 4.5 and 11.9
tal conditions, the plasma sheath c_onformed to the spheric%m were dropped into the plasma through the opening in the
depression in the lower electrode since the Debye length anghper electrode. Particles were injected by mechanically tap-
the sheath thickness were much smaller tRan ~ ping a particle-containing “salt shaker” constructed from an
In prior work, N has been determined from Langmuir ajyminum cup with a hole on the bottom that was covered
probe measurements of plasma properf@s,22 or laser  jth 500 line/inch mesh. The crystal was illuminated using a
excitation of horizontal' waves in the dust crys[taB]. Mea-  0.2-mm-thick sheet of light produced by a 532 nm, 10 mW
surements of have relied on laser and rf excited resonanceaser, scanning mirror, and cylindrical lens. The particles rap-
techniqueg 24], and models of the electrode she@®]. In gy fell from the top down to the region just above the lower
contrast with prior work, our analysis does not rely on mea-|ectrode, where they slid laterally towards the center of the
surements of the plasma parameters and/or analytic modef$ectrode. In all cases, the plasma crystals were confirmed
of the plasma sheath. Finally, parabolic lower electrq@é$ single layer by observing the crystals from the side. The
or traps formed by glass cylinde[87,28 have previously  crystals were stable over long periods of tifheurs.
been used to provide particle confinement. However, that “power into the plasma, voltage on the driven electrode,
work did not examine larger crystals or analyze the responsgng the dc bias voltage are shown in Fig. 2 as functions of
work. into the plasma were 1.8—-6 W, , of 40-110 V, and dc
self-bias of—10 to —60 V. Electron density varied between
3x10® and 8x10® cm 2 while electron temperature was
2.6-3.6 eV, as determined by a Langmuir double probe.
The experiments were performed in an asymmetrically An example of a single-layer plasma crystal containing
driven, parallel-plate discharge chamber, a modified gaseou34 particles with a diameter of 8.34.09 xm is shown in
electronics conferend@&EC) rf reference cel[29] shown in  Fig. 3. A change in nearest-neighb®N) spacingsyy with
Fig. 1. A 6-mm-thick, 100-mm-diameter aluminum disk with radial position is readily observable. The radial compression,
50-mm-diameter interchangeable inserts of various radii ohs discussed below, is due to the collective weight of the
curvature was placed on the standard GEC capacitivelputer particles acting on the inner particles. In addition, all of
coupled rf-driven lower electrode. The electrode was driverour crystals showed a planar hexagonal-close-packep
at 20 MHz using a signal generator, power amplifier, &nd crystal structurg¢11,13. Due to the cylindrically symmetric
matching network. Power into the plasma was measured upotential well, there were always a few packing defects
ing an in-line power meter and the voltage and current werevithin the hcp arrangement. Images similar to Fig. 3 were

Il. EXPERIMENTAL CONFIGURATION
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FIG. 3. An example of a 14-mm-diameter, single-layer plasma
crystal containing 434 particles formed above the parabolic well in
the lower electrode. Power into the plasma was 1.8 W, pressure was
110 mTorr andR.=0.5 m. Note the change in a nearest-neighbor
spacing with radial position. The smaller spots are optical reflec-
tions off the lower electrode.
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— plasma crystal§11,12,14, an equation-of-stateEOS treat-
0 100 200 300 ment avoids a statistical analysis lbfth experimental and
drive voltage (mV) theoretical MD simulations to extract the particle interaction
parameters. In order to establish a relation among the mac-
FIG. 2. Power into the plasma, peak-to-peak voltage on thggscopic EOS observables such as radius and density of the
driven electrpde and the dc bias voltage as functions of the signajp plasma crystal, we must have a constitutive relation in-
generator drive voltage and argon pressure. volving the particle interactions. The confinement of the par-
ticles can be pictured as the settling of particles into the
bottom of a geometric “bowl,” which is approximately para-
bolic. Irrespective of whether the downward force is domi-
nated by gravity or by ion wind effects, the important point is

analyzed for the total number of particlbg,, the radius of
the crystalr ., and the NN spacing in the center of the
crystalsy. Our experimentally observed radially dependent

Sy IS in good qualitative agreement with prior calculations . .
for isolated single charge systerikl] and plasma crystal that the ;hape of the potenpal well can be deFermmeq from
systemg14] observations of the dynamics of a single particle as it falls
y . . . .. into the potential well. The shape of the potential well deter-
Custom image processing algorithms were used to iden- . . .
. ; . g . .~ mines the radial component of the force applied to the layer
tify the particle locations in single frame images obtained

: - . ; . of particles. From this radial force and the density variation
using a standard digital camera or a time series of images

obtained from digitizing video tape. For example, in theWlthln the particle layer, information about the pairwise in-

plasma crystal compression experiments, images of th%er&(/::c;:sgf at‘zgu';ﬂ";ggﬂhzamrgseesn%aeno?ein (iiterrr;|:t1i(ac(|je.s oo
plasma crystals were obtained using a high-resolution digital P yp

camera. Particle locations were extracted and analyzed fOnrOt change the basic properties of the plasma in the vicinity

. . . . of the sheath. Measurements of the spatially resolved optical
interparticle spacing and crystalline structure parameters,

Time-dependent trajectories of the injected particles werg Tisston tend to support this assumption. Total optical emis-

captured on video tape using a coupled-channel devic ion was measured using a gated, intensified CCD camera

(CCD) camera and lens. The video tape was then d|g|t|zedOr a range of crystal diameters from 0 to 3 cm. Those_ mea
: - .~ surements showed a less thar2% change in the optical
frame by frame and the particle position was extracted using .~ . .
mission when particles were added to the plasma.

our algorithms. Our image processing algorithms generally . o
? : An important point is that a truly perfect crystal arrange-
follow the procedure outlined by Crocker and Grier for col- X : ; . .
ment may not exist when confined in a spatially varying

loidal particle system$30], with modifications due to our force field. The particles will arrange into an ordering that is

relatively sparse particle spacing. only locally perfect. In other words, the crystals contain de-
fects. However this amount of crystallinity is sufficient to
allow us to characterize the internal energy, pressure, and
While molecular dynamic¢éMD) simulations can poten- density of the layer of dust particles at a particular location.
tially reproduce the experimentally observed features offhe state properties of the dust layer can be related to the

IIl. THEORETICAL DEVELOPMENT
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pair interactions of the particles, which is the focus of OUrcreaseygy,s by a factor of k- 7/8= 1.3927[31], which we
work. believe to be the realistic value. Complete thermal accom-
modation of a gas atom on a dust particle at a different tem-

A. Equations of motion of plasma dust particles peratureT,,; would increase the drag by a fact@2] of 1

In the present experimental arrangement with cylindrical™ {7/8)VTsui/ Tgas @ change that might be important con-
symmetry about the vertical axis defined by gravity, the_&dermg thg continual delivery of energy to the <_just. particles
plasma dust particles are suspended in a nearly planar regidf their action as a catalyst for plasma recombination.
at the bottom of the plasma, at the edge of the plasma sheath. 1€ imprecise knowledge of temperature gradients and

Consider a system with theaxis pointed upwards. Newton's non-Maxwellian properties of the gas complicate the thermo-

equation for a single dust particle with positi6t) is phoretic force[33]. The mean free path is always much
larger than the particle sizes in our system, but that path may
Mgl = _ézmdg+qd|§sh_ My Ygad + f*WJr Ftpi (1) be comparable to the dimensions of the physical boundary

separations. The characterization of the thermophoretic
where we use overdot notation to denote time derivatizes. forces is ameliorated here by the fact that we can design the
is the dust particle vertical coordinat®, is the mass of the System so that this force and the plasma electric force are not
dust particleg is the acceleration of gravitgy is the charge ~ crucial to the analysis for determinirggand\. For this ex-

on the particleEy, is the plasma sheath electric field at the P€rimental geometry, we will demonstrate that thermo-
position of the particleyy,sis the damping coefficient due to phoretic forces are likely not important.

collisions with the neutral gas backgrourfq, is the “wind
force” on the particle due to ion flow within the nonuniform

plasma sheath, anﬁ(p is the thermophoretic force due to
temperature asymmetries in the background gas. The win . o .
force includes all electrical forces on the particle due to it Sheath and presheath region. This simulation would have to

presence in a nonuniform plasma except for those forces is e time depgndent for most of the situations of Interest, In-
- stead, we will use a phenomenologically characterized time-

lated in theqq Eg, term. We will use SI units unless other- 5 eraged model for the plasma electric field that incorporates
wise notedg and yg,sare positive constants. Thf quantities st of the important features leading to dust crystallization
da» fw, fip, @andEg, all can be functions of botii and the  and dust particle dynamics. As described later, our phenom-

2. Electric field within the plasma presheath

In order to calculate the electric field from first principles,
e would need a reasonably accurate simulation for the

particle velocity'r*. enological form is in good agreement with measurements.
The experimental situation is that of an azimuthally sym-
1. Forces on particle due to neutral gas background metric system. Cylindrical coordinatesandz will be used to

The damping coefficient,, is derived by a gas-kinetic describe the fields in this section. We assume that the plasma
gas

analysis, allowing for the small size of the dust particles and?0tential in the region of the electrode is dominantly a func-
the large mean free path of the gas atoms. The result for thigen of z with a smallr-dependent shift in height. This is

force acting on a spherical dust particle due to specular re€XPressed by writing the electric potential as a function of

flection of the gas species with masg,, number density only the vertical coordinate with andependent shift, which
as . . . . .
Ngas: aNd temperaturd gasis [31] is approximately quadratic in radius,

fgas% - %Wazmga@gasngas’jd ) (2 = ¢(Z_ h(r))'

wheres4=F is the particle velocity relative to the stationary h(r)~cr?. ®)
gas andvrgee (8K Tyad mMyad ™2 is the thermal velocity
(mean speedof the gas atoms. The particle radius is denote
asa. The damping coefficient is

dThe replacement dfi by a quadratic will be introduced later
when needed. The constants related to the radius of cur-
vature of the “confining bowl” byc=3R. . The electric field

Ygas— 3 TA°Myadlgad Tgad My (3)  resulting from the potential in Ed5) is found to be
Equation(3) may be rewritten as Es(r.2)=—[&—2&h'(r)]¢' (z—h(r)), (6)
8Myas Poas where the primes denote first derivative with respect to the
= gas _ gas 4
Ygas~ 7K Tgas apa’ (4) argument. The choice of functional form ap(z) will

strongly affect the particle motion in the verticatlirection,
where Py, is the gas pressure ang, is the density of the including the location of the particle equilibrium position.
particle. There is some uncertainty in the proper value to us&he choice oh(r) will affect the lateral motion of particles
for the damping coefficient because of the unknown elasti¢rapped in the potential minimum, which itself is created by
and inelastic scattering properties of the gas on the particlthe z dependence of all the forces.
surface. We note that the case of complete sticking of the gas We will use a phenomenologically characterized sheath
on the particle surface would give the identical coefficient agpotential for$(z). The form for ¢(z) is that of a quadratic
given in Eq.(4) [31]. Diffuse elastic scattering would in- in z connected smoothly to an exponential decaying towards
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the plasma bulk. Experimentally, a quadratic form &#(z) cess. The charging rate of a particle is written in terms of the

is a good approximation in the high field region of the sheathincident ion and electron currents to the surface,

[1-3] but as we will show, an exponential is a better fit in the )

region where the plasma crystal layer levitates. The position Qa=litle. ©)

of the joining point, the value of the potential at the electrod . .

relative to the bulk, and the decay constant of the exponentgll—zseui:e(t:ité?]nacblgﬁntths z}leag?rized dilgtrﬁ?):;rggnOffEIZiti%%Itizrrln?r?:

are all independently adjustable and make it possible to fif P S
. ' Sheath and plasma. We assume that the electrons are distrib-

the important features of whatever might be known about thé

sheath and presheath of the plasma. uted ata temperatur€, throughout the plgsma. Tr_le local

density is related to the bulkor Bohm poinj density by

3. The ion wind force means of the Boltzmann distribution in order to simplify the

result,
The ion wind force on the dust particle is due to the scat-
tering of ions off the dust particle as they flow towards the le=—edma’dy
electrode. We use the cross section that has been computed o1 .
for the momentum transféB4]. The ions and dust particles = —edma ne(r) vreexg e(Vq— ¢(M)/kTe) ]

are moving in three dimensions and we must obtain the cor-
rect vector dependence of the wind force.

First of all we assume that the ion flow veloCityion  where ®4 is the electron flux on the surfacey, is the
= ﬁwinda IS paraIIE| to the electric field within the sheath. This electron thermal Ve|ocity,/Te: (8kTe/7Tme) 1/2’ and the po-
is not a bad assumption, as the ions respond to the field mugBntial vV at the Bohm reference point is defined to be zero.
more rap|d_ly than _the _part!cles. Whet_her the ion flow is col-The only dynamic dependence remaining iris in the sur-
lisional (f|UId or drift dlfoSIOI"I) or the ions are in free fa”, face potential_ The rise imnegative potentia' at the dust
their motion is dominantly along the electric field vector. syrface above the local sheath potential is estimated from the
Thus the wind force on a stationary dust particle is directe¢tapacity relation of a charged sphere,
alongésh and the force on a moving particle is obtained from
the vector addition of the velocities. For example, a moving

=—erma’ngrr.exge(Vy— Vg)/kTel, (10)

particle in a stationary ion background has a wind force that Va= &M= d7eg Gala. (D
opposes the particle velocity. The wind force is given in

terms of the momentum-transfer cross sectiog(v,), One could treat eithevy or qq as the unknown property of
wherev,q is the relative ion-particle velocity, the particle for the purposes of numerical solution.

The ion current is not so easily approximated due to the

@ ion orbiting. We use the microcanonical distribution function
for ions ignoring multiple turning points and absorptive cor-
rections. This limiting case of the complex general theory

Vrel= Vion™ Vd»

fw= Nion?reMion?relT mi( Vre) - 8 gives
B : ; ; TR eAvV
ecause the ion velocity, drift or kinetic, is always much |.=emra?n;(F) V.(r)(l_f)
larger than the dust particle velocity, we can replagg by ' ' ' Ki(r)
Vion IN Most of the analysis. In this case the prodoighvion e(Vy— &(F)
in the wind force is just the ion flusb;., flowing through the —enald;| 1— d—a) (12)
plasma sheath. This is immediately related to the ion current, Ki(F)

or to the plasma density and the Bohm velocity. whereAV is the fall in the potential of an ion as it encoun-

ters the particle surface at the local position in the sheath.
The ion flux®; is constant through the sheat,(r) is the

We will use the orbital motion limited theory of Mott- kinetic energy of the ions at position within the sheath,
Smith and Langmuir to calculate the time-dependent chargwhich can be approximated from the fall through the sheath
ing and discharging of the dust particles when doing fullpotential. If we sum the electron and ion currents to zero, we
solutions of the time-dependent equations of motion of theobtain a value for the steady state, equilibrium charge, and
dust movement35]. This is identical to the most commonly potential carried by the particle. Equatiofi€) and(12), due
used approximations for particle charging, except for ourto Mott-Smith and Langmuir, are called the orbital motion
modifications to match to the local potential at the particlelimited theory of charging35], except for our modifications
position. In calculating the charge from the rate of electronto match to the local potential at the particle position.
and ion impact, we will include any time lag in the relation  Our formulation includes all time-dependent effects due
of particle charge to the instantaneous position within theo motion of the particles within a time-averaged sheath
plasma sheath. We will assume that the collisions with thdield, but does not include the time dependence of the rf field
particle result in unit sticking or accommodation on the par-or plasma itself. It is known that the rf field can affect the
ticle surface. This is not necessarily true, and corrections cacharging of the dust particld86]. The major effect here of
easily be made if more information is known about the pro-course is the electron density, which has a strong rf compo-

4. Charging of particles due to electron and ion impact
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nent. The ions, and certainly the particles, do not respond Experimentally, the particles are found to be arranged in a
significantly to the rf field. An rf variation in electron density monolayer, hcp lattice for the most part. The crystal is not
could produce substantial changes in the dust charge as operfect however, as the compression forces the density to be
charging frequency is nearly the order of the rf. A conse-arger at the center than at the perimeter of the disk. Thus
guence of this is the fact that the charging rate of the dusthere are several defects within the lattice. Knowing this, we
forces an extremely stiff numerical problem in the coupledcan simplify the above analysis of the balance between the
solution to the dust motion equations. However, all of ourrepulsive pair interaction potential and the applied compres-
experiments have the dust trapped on the plasma side of tlséve force. The theory that we derive in this section is a
Bohm point as defined by our time-independent formulationcontinuum mechanics limit of the discrete particle layer. Let
The rf effects on plasma charge separation, i.e., electron des{r) denote the NN spacing in the hcp lattice, where the
sity, are small there, and the cycle-averaged rf charging rategdius is written to acknowledge that the average spacing
of the dust particles should be nearly those of a dc sheatWill vary within the disklike layer. The areal number density
because the electron charging rate is linear in the local elegs related to the hcp NN spacing by

tron density. However, there is no question that dust particles

trapped in the more charged region of a strongly driven rf n=2N3s’=1.1547%, (14
sheath would require a full time-dependent treatment of the ] o

sheath, requiring a revision of the formulation of Sec. Il A2. 9N the average at any point within the crystal.

Thus all the dynamical forces acting on a dust particle are Ve Will take the pairwise interaction potential energy be-
now known in terms of the plasma properties. These can b&veen the particles to be a function of the separasiohthe
used in the Newtonian equation of motion for the particle toParticles, Vpq(s). Thus, although the argument &fy,;
observe its trajectory when dropped into the plasma. If wdnight naturally be the sph_erlcal coordln_ate, in fact it is really
add particle-particle interactions, we are ready to do multi-Only the cylindrical coordinate appropriate for the 2D layer
particle dynamics. However, for the purposes at hand, wef dust .parfucles. The potential energy per partlgle within a
will not be looking at particle dynamics except in the equi- NCP lattice is 3/p,{(s) when NN interactions dominate. We
librium layer formed with several particles. Nevertheless weWill discuss corrections to the NN assumption below. The
will need to have the functioh(r) or the quadratic coeffi- Potential energy density within the layer is given by
cientc characterizing the curvature of the potential field. &(r) = 3n(1)Vpar(S(1)), (15)

B. Equation of state for a 2D confined disklike particle layer which is in units of energy per area in a 2D geometry.

Consider a particle to be at equilibrium in the curvilinear ~From the steady-state Euler equation giving the momen-
coordinate measured along the local plasma electric field ditum relation for a continuum fluid, or just from simple addi-

rection E(r,z), which is very close to the vertical direction. tion of forces, one can argue that the radial equation relating

This requires that this component of the force is zero. elhe pressur@(r) and extemal force applied to the layer is

cause the wind force vector closely parallels the electric field _ _ _ '
vector, we know that only gravity and the viscous forces can dp(r)/fdr=F(r)=n(r)f,(r) n(r)mggh’(r)
act to accelerate or decelerate the particle in the lateral di- ~—krn(r), (16)

rection perpendicular t&(r,z). It is sufficient just to con-

sider the forces of gravity and electric field acting in thewhereF, is the force per area within the layer ahdis the
vertical direction. We will neglect the thermophoretic force force on an individual particle as given in EL3). The

as mentioned previously. This allows us to write theom-  parabolic approximation enables several simple relations to
ponent of the force from Ed1) in a simplified form because be derived, relating pressure to particle density variation; but

of the equilibrium in the vertical coordinate, that will not be pursued until later.
Pressure is defined by the change in energy with volume
f,;=—myg—0aqe’'(z—h(r))=0, dE=—pdA, or with area in this two-dimensional case. Let
the area bé\, with N particles withinA. The number density
fr=h'(r)qq¢’(z—h(r))=—h'(rymyg, is n=N/A. Solving for p using Eq.(15) and the definitions
of A andn gives
fo~—2crmyg=—KkKr. (13
_dE_ d[Ae(s)]  d[3NVpu(s)] A dVpaid S)

The first relation in Eq(13) expresses the condition for equi- P~ dA  d[N/n(s)] Nd(v3s2/2) sds
librium (force balancgin the vertical coordinate. The second (17)

relation uses the vertical force balance to simplify the radial

component of the force. This radial component is indepenThis relation applies at any radiuswithin the layer where
dent ofz because of the functional form of the approximationthe local pressure ip(r) and the NN separation is(r).

for the electric potential in Eq5). The constank=2mggc  However, it can only apply at the outer radius of the disk if
=myg/R. is a harmonic restoring force constant for the lat-the NN separatiors is allowed to become infinite just be-
eral motion about the center of the potential well if it is yondr=r,,, wherery, is the radius of the last ring of par-
parabolic. ticles in the dust layer. This is consistent with zero density
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for r>ry . As r—ry from smaller values, botls(r) and [ AR T
n(r) approach nonzero values. The appropriate boundary
condition for theouter set of particlest the perimeter of the
dust layer can be found by balancing the inward force due to
the external field with the vector sum of the pairwise forces
with the next inward group of particles. This leads to an
approximate relation depending on the particle arrangement
in the outer layer. The force balance relation is 0.4 i e
0 2 4 6 8

radial distance (mm)

NN separation (mm)

ﬁv;;air(sM):fr(rM)"N’_krM, (18

which is assuming an ideal crystal structure at the perimeter.
In the limit of a minimum configuration of seven hcp par-
ticles, thev3 factor in this equation would become a factor
of 2.

We can now combine Eq§l6) and(17) to give a balance
equation for the pressure within the layer,

FIG. 4. Nearest-neighbor separations as functions of radial po-
sition for a plasma crystal containing 434 particles. The particle
separations were grouped and averaged into 0.5 mm wide bins. The
solid line was calculated using E@21) with s;=0.51 mm, A
=260um, andZ=23500 electrons.

dp(r) pa,r( S) The radial compression of the plasma crystal can be used
ar _‘fm sds_NOf(r), (19 to further test the equation of stdtq. (21)]. Experimentally
measured NN spacing as a function of radial position for a
in which sis implicitly a function ofr. The first integral can plasma crystal containing 434 particles is shown in Fig. 4.
be found using the relation af to s written in Eq.(14) and  The experimental data represents the average of all NN

the expression for the radial component of the force given irseparations within a given radial bin, from the center of

Eq. (13, the nearly circular dust layer to the perimeter. For fixed
Nt Snn(r) increases withr since the radial force balancing

dVpails) o\ S, frd g p the interparticle repulsion is decreasing. The calculated NN
ds  2VpalS)| ==3 [ drifi(r?) separation using E@21) is shown as the solid line in Fig. 4.

% Equation(21) was started witts;=0.51 mm, and the Debye

=2Zmyg[h(r)—h(0)], (20) screening length and charge were fixed at 266 and
—2350@&. The Debye parameters were determined from ad-
~Zmygcr’=1kr?, ditional analysis of the experimental data in a plasma of the
identical properties, to be discussed below. The termination
where the superscript and subscript on the square brackeg$ the s(r) curve was fixed by boundary conditions to be
indicate that the eXpreSS|On contained within is to be eValUg“/en Shortly In genera' the equa“on of state prov|des ex-
ated as[f(x)]5="f(b)—f(a). Boundary conditions have cellent agreement with the absolute value of the NN separa-
been applied such that=0 corresponds to NN separation tion and the shape of the experimental data for crystals with
s=sp at the center of the layer. As—sy, wheresy, is the  30-1500 particles, indicating that the interparticle potential
maximum pairwise separation within the layeapproaches is well represented by a screened interaction. A recent study
the radius of the disk;), . This expression fory, is a func-  of particle-particle interactiong8] depended on the gas fric-
tion of sy, reflecting the fact that the compression of thetion being small enough to carry out dynamic scattering ex-
layer at the center depends on the size and cumulative weigheriments. Our method is not limited to such low gas pres-
of the layer. This can only be determined by an integration okures, but we cannot observe particle deflections. Thus our
the differential relation connectingands. technique is complementary to previous wé&, and pro-
The differential equation determining the variation of vides additional information about the interaction at an ex-
properties within the layer is found from EO) by revert-  tended rangé19].
ing to the differential form for the Euler momentum equa-

tion, 1. Special forms of the equation of state for a parabolic
ds 2 h'(r) confining well
—=—-m 7 - X (21) _ . . . .
dr _3Mdd SVoaiS) = ViailS) If the r-dependent shift of the plasma field is quadratic

[Eg. (5)], we can write some especially simple formulas for
This is a highly nonlinear ordinary differential equation with the relation of the pair interaction to the total number of
a movable singularity for typical choices of the pair interac-particles trapped in a monolayer disk. In E#9), we intro-
tion. The boundary condition at zero radius will determineducef,=—kr on the right side and integrate from=0 tor.
where the singularity occurs, which is somewhat beyond thdhis gives
location of the boundary of the particle layey . Unfortu-
nately, the necessity of doing a numerical solutiond(r) is K
the price one pays for having an unspecified pair potential as _ __®
well as a general form for the confining potential. P(r)=p(0)= 2 N<(r), (22
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whereN_(r) is the number of particles within radius Al-
lowing the radius to become larger than the radius of the disk !
reveals that 10 F

dV_.(S) k

— pain /| -
sds e ZWNtOtali (23) 05 |
>0 ol ol

a) |

p(0)=-v3

8¢ (mm)

where we have used the result for pressure given in(Eq).
and definedN,y as the total number of particles in the disk.
Again s; is the NN spacing at the center of the disk.

| aasal bl
100 1000 10000
number of particles

2. Special form of the pair interaction

The goal of this work is to derive interaction parameters
from observations of the plasma crystal compression. We do
that by choosing the NN pair interaction to be a Debye-
shielded Coulomb potential,

" mayx (Mm)

(q5/4me,)
Vr?aeif’ye(r)zdfexr(—rlx), (24)

1.5
whereqyq is the total charge on the particle-¢Ze) and\ is S (mm)
the screening length, the two parameters of interest. We note
that no assumptions are made as\tbeing the bulk plasma FIG. 5. Nearest-neighbor separation in the plasma crystal center
screening length. Evaluation of E¢O) with a parabolic as a function of the number of particlés), and maximum radial

form for h(r) gives dimension of the plasma crystal as a function of the nearest-
neighbor separation in the center of the plasma cryalThe rf
) 3 S|\ peb So power was 1.8, 3.6, and 6.0 W at a pressure of 100 mTorr and
r<(s)= Kl13F N Voar 18)| (25 particle diameter of 8.&m. The solid lines are fits to the data using
S

Egs.(28) and(26) for plots (a) and(b), respectively.

using the same_notati_on for the brackets as in(Eq). If we Using Eqgs.(26) and (28), values forNy, I'max, and s,
label the point in radius where the NN separation become§erived from crystals of different sizes were fit to directly

infinite asr.,, we see that.. is given by determineZ and \. For one set of plasma conditions, the

upper plot in Fig. 5 shows, as a function ofN,,;, while the
V,?;?ye(so). (26) lower plot in Fig. 5 shows . @s a function ofs,. Equa-

tions (26) and (28) were independently fit to the experimen-
tal data to derive values fa and \. Those values are dis-
cussed belowFig. 10. In general, the agreement between
the two methods is quite good and the uncertainties in the
values are approximately 10%. The uncertainties id and

_ \ are based upon the uncertainty in the measurements of the
Tt s V312 @D alues 0fNiot, I max. @Nds, and the fitting algorithm.
This would enable a least-squares fit of the observed maxi-
mum radius as a function o, in terms of the number of
charges on the particlé and the screening length In the full “molecular dynamics” simulations of the dust
We can also infer properties ®f,,; as to the dependences particle motion and crystallization, we include the pair inter-

on Z and A from experimental observations of the radial action summed over all dust particles. However, in the EOS
variation of s(r). However, it is more convenient from a analysis, only the NN interactions were included because of
regression aspect to use observationsy,efs(0) as it varies the short range of the exponentially shielded nature of the

3

S

2 0
=—| 3+ —
Fo k 3 N

The singular pointr.,, wheres—«, occurs at a point in
radius greater tham,,. An approximate connection af,
andr, can be found to be

3. Corrections for non-nearest-neighbor interactions

with ry, or the total number of particles in the layM,). Debye interaction. In the study of finite 2D Yukawa lattices
For this special form of the pair interaction, E@3) be- [37] it is desired to have the EOS applicable to highly com-
comes pressed systems where the interaction of non-NN interac-

tions is important. We can make an approximate correction
for non-NN effects by the following.

Consider a single particle in a regular 2D hcp lattice.
There are six NN particles at the distarszélhe next group
which enables a least squares regression analysis of availatias twice as many particles close to the distanget@ree
data for NN spacing at the center of the crystal versus théimes at 3, and so on. This total interaction, per pair, is
total number of particles. approximately

1 1 k
gls Ve iso =5 Now  (28)

So
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Vpail 8) 2V il 28) + 3V i 38) ++ (29) 04 P
o = 10000

1

which for the Yukawa or Debye form of the pair potential is 03}
easily summed to give ! ]
0.2} 3
Ver(S)=Vpar 18)/[1—exp —s/N) . (30 _ ]
0.1 F ]
Exact lattice summations might be possible for the 2D hcp 1
lattice, but we do not have them at hand. 0.0 b ) -
Equations(20), (21), and (23) may be used as written, 39 20 40 60 80 100 120 140

replacingV ., with Vi to derive the integrals similar to Egs.
(25 and(28). The relation connecting the radial distance to
NN separatiors is

a =100

3 1 eS/)\ Sy
I’Z(S)=3a (S/)\) esn\—l + (esn\_ 1)2 . (31)
S
The dimensionless constantis [37]
Z%? 1 1
3 (32

- 4meg k N3’

wherek is the radial restoring force constant as defined in
Eqg.(13). The relation relating the total number of particles to
the NN separation at the center of the dust crystal is

scaled density (n kz)

e N1+sy/N)—1 1
Ja 3/ aSo /N 2= 5= Niotal-
(sp/N)*(e0r—=1)c 27

(33

This shows that the NN separation at the center of the dust
crystal is a function of only the ratidN,/a for given
plasma conditions as contained in the shielding distance
Analogous to Eq(26), we can evaluate the radius of the
crystal at which the NN separation becomes infinite, which is
close to the observed radius,

3 1 eSo/)\
(SO/)\) esol}\_1+ (esol}\_l)Z .

ri=3a

(39

Totsuji, Totsuji, and Tsurutd37] did molecular dynamics

simulations of dust crystals interacting with Debye-shielded
(Yukawa interactions containing several thousand particles.
Some of these crystals were in a high relative state of com-
pression where the non-NN interactions are important. The

L PR S ] i .

utility and validity of our EOS can be ascertained by com- 0o o5 10 15

paring the solution to Eq$33) and(31) to their simulations.

In Fig. 6 we compare with their data fd,,,= 10 000 for a scaled radius (r/3)

wide range ofx values. Largex is typical of strong shielding ) _ ) _ _
and/or weak confinemerfour experimental situation and FIG. 6. Comparison of our EOS solution with the simulation

small « is typical of strong confinement and/or weak shield-data of Totsuji, Totsuji, and Tsurutgonoted TTY for various
ing. In order to do this, we solve EG33) numerically for ~ States of compression as denoted by the parametdhe total
So/\ givena andNy.,,, and then evaluate the dependence 0fnumber of dust particles is 10 000. Th_e dgnsn_y is multiplied by the
. Debye length squared, and the radius is divided by the Debye

r(s) ands(r) from Eq. (.31)' We f.md th‘?‘t our non-NN EOS length, to effect the scaling. The agreement is excellent except for
compares quite well with the simulation results except forthe very strongly compressed case 0.0001, where the, /) ratio
the very highest compression case in Fig. 6 where the density 4 o715 '
is 25% low (15% too large in NN separatipn

We compare the NN approximation with the non-NN Ni,=a=100. The fractional error implied in the NN ap-
EOS solution in Fig. 7 for a case typical of the conditions inproximation is considerably larger for larg@, and «
our experiments. The fractional error in NN separation iswhere the raticsy /A falls much below 1. The result of this
seen to be 7%13% in density for these conditions of comparison against the simulations of Totsuji, Totsuji, and
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1 o 1 N 1

0.5 m radius

04 L A A A I 2

03}
| non-NN density\

scaled density (n 7»,2)
radial position (cm)

0.2 110 mTorr
0.1} ]
0.0 . —_— — . \ ek 0! g
0 5 10 15 0 1 2 3 4

scaled radius (r/A) time (s)

FIG. 7. Comparison of NN EOS with the non-NN approxima- ~ FIG. 8. Radial position of single particles as functions of time
tion for the EOS. The total number of particlbi, is 100 and the ~ for several pressurgenTorr). R, was 0.5 m and rf power was 1.8 W
dimensionless parameteris also 100. Scaling is same as Fig. 6. in argon. Solid lines are single exponential fits.

Tsuruta is that our EOS approximation based on Eg6)  plasma does not change character with the addition of many
and (28), using only nearest neighbors is quite adequate foparticles.

analyzing the 2D crystal properties, except at high compres- In this two-dimensional sheet we can approximate the
sions, which we cannot achieve in any case with our experiNewtonian equation of motion as

mental arrangement. Moreover, the EOS-type analysis would

seem to be adequate for all but the very highest compres-  mg'= —mgygad + & f, = —Myygad —&mygh’ (r)
sions if the EOS were corrected as given in E@S) and o
(34) for the non-NN interactions. ~—MyYgad — & KT, (35
IV SINGLE-PARTICLE TRAJECTORIES wheref, has bgen given in Eq13). If_the angular momen-
IN THE PARABOLIC WELL tum of the particle has damped sufficiently we may replace

this 2D equation with the one-dimensional equation in Car-
For our equation of state analysis to succeed, we mudesian coordinatg. This becomes a simple damped oscillator
know the pressure due to the curvature of the confining poequation, which is harmonic Hi(r) is parabolic,
tential well. While the lower electrode shape is parabolic by

design, there is na priori assurance that the 2D plasma dust X=—ygax—gh’(x),

crystal layer or the plasma sheath conforms to the electrode

shape. One could argue that for most conditions, the plasma X~ — yga§<—w2x, (36)
sheath thickness and screening lengths are small compared to

the curvature of the electrode, and thus the sheath should be w?=kimy.

conformal to the electrode curvature. However, for some ex-

perimental conditions, notably pressures below 50 mTorr anghe harmonic case can be analyzed by substitution of an
radius of curvatures of less than 0.3 m, there is evidence th@txponentiaLXzaexp(_ bt), Showing the usual osci”atory,
the sheath curvature is no longer parab¢li®]. Thus we  damped, and intermediate behavior. The simple interesting
must confirm the sheath curvature for a given set of experiresult is for damped motion in which a plot of the ratio of

mental conditions. _ velocity to position should give the desired constants,
Particle trajectories that fall down into the stable layer,

necessitate all the details of_ the dynamics presented in Sec._x/xzw2/ygasz(k/md)/ygasz 2¢0/ Ygas= 9/Re¥gas= b,

[ll. However, once the particles have been trapped in the

presheath or sheath layer, their motion is confined to the

nearly planar region of the disk that forms from many par- x(t)exp(—bt).

ticles. In this two-dimensional region, a single particle sees

only the weak, nearly horizontal, forces due to gravity and Experimentally, the shape of the well was determined by
the viscous drag due to motion with respect to the backanalyzing trajectories of single particles dropped into the
ground neutral gas. The ion wind for¢gightly nonvertical ~ well. Vertical motion shows damped oscillations but the hori-
is perpendicular to the motion and does not accelerate thgontal motion does not show oscillatiofisverdampey at
particle once trapped. The thermophoretic fofgpis like-  our pressureg25]. Particle locations were recorded after
wise assumed to be perpendicular to the electrode and ttibeir motion had completely damped in the verticaldirec-
layer of trapped ions. It is to be noted that the analysis of théion (<1 s [25]. Examples of time-dependent radial posi-
pairwise interaction does not really depend upon these force#ons for 8.3um-diameter particles, for a range of pressures,
being exactly perpendicular to the horizontal motion in theare shown in Fig. 8. The data is fit to a functional form of
disk layer. Whatever force is observed to cause the single-(t) =ry+aexp(—bt) wherer, is a small radial offset due to
particle motion into the confining well will also be operative measurement inaccuracy. The fits are shown as the solid lines
in the many-particle layer. The only assumption is that than Fig. 8. For the range of particle diameters and pressures
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- 60-""I""l""l""l""l""l“" §350-
2 | 2 = o0} 1° 2
E 4r ® 180 mTorr 2 250 - ] ‘3
2 Pe 8 E ] &
S 2 200f 1. ®
E’ 20r i n 5 s 12 =
E 100 mTorr 4 § 150 3 ] N
S ol 100 4
O 2 4 6 8 10 12 14 0 100 200
particle diameter (um) pressure (mTorr)
FIG. 9. Damping rate as function of particle diameter for pres- T 30k T ' ]
sures of 100 and 180 mTorr. The rf power was 1.8 W andRpe Y 3 413 @
was 0.5 m. Solid lines connect calculated decay rates assuming g 250 F 1 g
diffusive gas scattering. 5 200 F %
=4 -
investigated in this work, excellent agreement with the single ?, 150 3 42 €
exponential decay was obtained. 93’ 100 | ¢ N
Exponential fits were used to determine the damping con- 50 E L e
stant due to gas frictiory,,s. Measured damping constants 0 2 4 6 8
are shown in Fig. 9 as functions of particle diameter and power (W)

pressure. The solid lines are calculated using gas damping
rates evaluated from Ed@4), assuming diffuse scattering of FIG. 10. Screening length and number of electrons on the par-
the neutral gas at 350 K. The 350 K temperature is in goodicles as functions of the pressui@ and rf power(b). The particle
agreement with our laser-induced-fluorescence measurgiameter was 8.3m. For(a), the power was 1.8 W, and féb) the
ments of the argon metastable temperature at the position pfessure was 110 mTorr. The data represente® lyere obtained

the dust layer and did not strongly depend on gas pressure &em fits to Eq.(26) as illustrated in Fig. &). The data represented
power. The agreement of the experimental and predicted déy ¢ were obtained from fits to Eq28) as illustrated in Fig. &).

cay rates indicates that the plasma sheath conforms to the

spherical electrode depression to form a parabolic potentia8 000—27 000 K. Similarly, the calculated screening lengths
over a wide experimental parameter space. These measufeased upon the ion Debye length are on the order o380
ments serve to both verify that the Epstein formulation forHowever, the uncertainty in our measurementZ and) is
particle gas drag applies in this regime and confirm that thémproved because weo notrely on Langmuir probe mea-
shape of the particle trap formed by the plasma sheath igurements or any sheath model for their determination. Our
parabolic. The agreement with the exponential fit also indiProcedure relies solely on the determination of the lateral
cates that horizontal forces due to thermophoresis or iofforces acting on the dust particles and the observed compres-
wind (drag are sufficiently small so that they do not contrib- sion of the 2D lattice. Our values faf and A are also in

ute to lateral particle acceleration. Additionally, side views offéasonable agreement with several previously reported val-
the single-layer 2D plasma crystals showed the crystal curu€s, to within differences in the plasma conditions and ge-

vature was always consistent wit . ometry[8,21-25. For example, Holmann, Melzer, and Piel
report values ofZ=8300+ 120, which does not include a
V. EXPERIMENTAL DETERMINATION OF  Z AND A 40% uncertainty due to Langmuir probe measuremig#b

Tomme et al. reportsZ~ 30 000+ 10 000 using an analysis

The screening length and charge on the particle were desf the particle oscillation when it is dropped onto the elec-
termined for a range of rf powers, pressures, and particlérode sheath and an analytical model of the shape of the
diameters. For the case of 8un-diameter particles, the sheath25].
screening length and charge are shown in Fig. 10 as func- Screening length and charge on the particles are shown in
tions of the rf power and pressure. The two points for eaclFig. 11 as functions of the particle diameter for two chamber
experimental condition correspond to the values determinegressures. Both the screening length and the charge increase
from independent fits to Eq$26) and (28). In most cases, monotonically with increased particle diameter. The increase
the two values agree to within the uncertainty. The values 0bf Z with diameter is to be expected from the basic charge-
Z andA are in good agreement with rough calculations basegotential relation given in Eq11), and the connection of the
upon probe measurements of the electron density and tenfioating potential to electron temperaturé;~ —4kT,/e,
perature. For example, for the 8@n-diameter particles, the knowing that the electron temperature should be nearly con-
electron temperature is approximately given By (K) stant throughout the plasma. However, as we will show be-
~1.00% sinceq~16mweodkT./e, whered is the diameter low, particles of different mass are located at different
of the particle. Using a double probe, the measured electroheights above the lower electrode and thus at different loca-
temperatures of 2.6—3.6 eV are in reasonable agreement witlons within the plasma sheath. Because the ion energy and
temperature predicted by the charge on the particles oflectron density are strong functions of position within the
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FIG. 11. Screening length and number of electrons on the pamwhere the wind acceleration is written ag= f,,/my . Based
ticles as functions of the particle diameter for pressures of(00  upon the ion trajectory data, thermophoretic forces have been
and 180(A) mTorr. The rf power was 1.8 W. The points connected neglected. In some cases, the ion wind force complicates a
by a curved line are the results of simulations of charging as disdirect calculation of the levitating electric field. Figure 12
cussed in the text. The two lines in the upper plot are the values ofhows the ion wind force expressed as acceleration in order
the electron and ion screening lengths for appropriate conditions. 1o compare with the acceleration due to gravity. As with the

calculations ofZ just discussed, the bulk density was set to
sheath, the local plasma conditions that determirsge not 3% 10° cm™ 2 and the electron and ion temperatures were 3.0
the same for different diameter particles. Therefore, one musind 0.1 eV. For particles with diameter greater thatum,
account for spatial variations in the plasma when predictinghe ion wind force is less than 25% of the force of gravity
A\ as a function of the particle diameter. To examine this moreand may be neglected. However, for higher electron densities
thoroughly, we used the full equations of motion developecor smaller particle diameters, the ion wind force becomes
in Sec. Il A of single dust particles as they were releasednore important. For example, a density 0t 10° cm™2 and
into a plasma with typical properties. Based upon probe meaelectron temperature of 2.5 eV results in an ion wind accel-
surements, the bulk density was set at B’ cm™2 and the  eration of~7 m/€ for a 6-um-diameter particle. Thus ion
electron and ion temperatures in eV were 3.0 and 0.1. Theyind is not always a negligible component of the vertical
phenomenological parameters characterizing zhdepen-  force balance. Unfortunately, it is difficult to accurately ac-
dence of the plasma sheath potential, discussed in Segount for the ion wind force when it is comparable to the
IIIA2, were set to give a dc bias on the electrode-6f5V,  gravity because the calculation depends on probe measure-
a match point of quadratic to exponential tail at 3 mm, and anents of the electron density and temperature, which can
characteristic length of the presheath potential of the electrohave significant uncertainty. However, for the largest par-
Debye length. The bulk Debye lengths for the electrons andcles used in this work, 8—12m, and to within the uncer-
ions separately were 372 and g#h, which is shown in Fig.  tainty of our probe measurements, the influence of ion wind
11. These two values bound the measured screening lengtiksssmall compared with gravity. In this case we can use the
of the dust particles. The computed dust charge on the pameasurements of dust charge to obtain the plasma presheath
ticles is also shown in Fig. 11 and agrees very well with theglectric field without any assumptionsbout the plasma

data. properties.
Assuming that the ion wind force is negligible, the levi-
V. DETERMINATION OF THE ELECTRIC FIELD tating electric field as a function of height can be directly

calculated from the measur@dFig. 11). The derived, time-

In an rf driven discharge, both the shape and the magniaveraged electric field is shown in Fig. 13 for two pressures.
tude of the electric field in the sheath are time dependent-or these conditions, the electric field varies between 5 and
However, the relatively heavy dust particle responds to the2 V/cm. The solid lines are single exponential fits with a
time average of the electric field. It is this time-averagedscale length of 1.20.15 mm. For the larger particldthe
electric field that levitates the plasma dust crystal. The 20three leftmost points for each pressutiee acceleration due
plasma dust crystals form stable single-layer structures at th® ion wind is significantly smaller than gravity and as such
location where the acceleration due to gravity and, in somean be neglected. However, for the smaller diameter par-
cases, ion wind, is balanced by the local electric field as seeticles, the actual electric field is larger than the plotted values
from the vertical component of Eql), due to the ion wind force. Depending on the exact density
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] not unreasonable considering the uncertainty in the measured
] electron density and temperature. However, the calculations
] of the ion wind discussed above prohibit a complete neglect
of the ion wind force and will require further investigation.
] Several points can be observed from the magnitude of the
] electric field and shape of the distribution with dust particle
mass. Due to the difficulties in conducting experiments in
this region and challenges associated with predictive simula-
tion of this region of the discharge, relatively little activity
has been directed to this region of the discharge. In this
work, the rf driven frequency is significantly above the ion

FIG. 13. Time-average electric field as a function of heightplasma frequency for the argon ions. As a result, the ions will
above the lower electrode for pressures of 100 and 180 mTorkespond only to the time-averaged electric field. For an elec-
These values neglect particl_e a_lcce_lerati_on due to the ipn \_Niﬂ(_i Thﬁic field of 20 V/cm and a pressure of 100 mTorr, the argon
;fcg?g"lirnwﬁqsolf'sl\gbzge nfs]“d line is a single exponential fit with &, rit energy is~0.3 eV (as determined from drift veloc-

9 - ' ity as a function ofE/p) [38], well below the measured

500/electron temperature of 3.1 eV. Thus the 2D plasma dust

erystal forms on the bulk plasma side of the classical sheath

L - ... Bohm point.
The electric field measurements can be indirectly _ver_|f|edB Second, Tomme and co-workers suggested that the verti-
by measurements of the spatial derivative of electric field.

o cal oscillation frequency of a particle dropping onto the
Holmann and coworkers showed that the application of %Iasma sheath cc?uld b)e/ used Ft)o derive thpep cﬁarge on the
! ; 0 X )
small amplitude modulatiot\M) (.5 %) to the_rf d”"e"? volt article [25]. They extrapolated measured electric field dis-
age can produce a resonance in the vertical motion of th

. ) ibutions close to the sheath surface to the region where the
E;g?\?vﬁgzri]s' A(‘)tnlgvroﬁwefrﬁg:?nn;'Ser?éaa:ﬁvgsﬁg’igzg pFe:)r; ou lasma crystals form and used a linearly varying electric
conditions alta AM fre uer:]cies on the order of 20 .Hz the ield as the potential energy term to fit the oscillation fre-

' q ’ quency. While the framework of the analysis is valid, this

partllcle vertical mot.|on goes throu_gh a maximum befo-re de'data would indicate that the form of the electric field that was
caying to zero at higher frequencies. Briefly, the motion of

the particle trapped at the sheath edae can be described sed in those fits may not have been correct and that the
partic PP : . 9 ; A é(sulting values of particle charge may not be accurate. Un-
the solution of a harmonic oscillator. The spatial derivative

of the electric field can be expressed asE/ox fortunately, the ill-definedexcept for theory nature of the

o 17 h is th of Wi ion wind for a fraction of our parameter space makes a de-
= @oMaust/ £€, WNEr€w, IS N€ resonant irequency. We mea- giniiye statement of the plasma sheath structure difficult.
sured the resonant frequency for a range of particle diameters Finally, we find that the shape of the electric field in this

by observing the particle motion from the side of the cham+qqion ig not linear, as is observed in the higher electric field

ber as the AM frequency was varied. The spatial derivativesegions of the sheath closer to the electrode sufffaeg). In
are shown in Fig. 14. The displayed error bars are due 1o thgqqision, the sheath width is smaller for the higher pressure,
uncertainty in the peak of the resonant frequency and thﬁs expected. These observations are consistent with the mea-

charge on the particle. The solid lines are the spatial derivaéurements of Oksuz and co-workers that showed a nonlinear

tive of the exponential fits shown in Fig. 13. The good agree;q velocity distribution at the sheath bulk transiti¢a].

ment between the measured derivatives and the calculat@el,yarison of our measured spatial distribution and the pre-
derivatives based upon the data in Fig. 12 is encouraging angl.ieq shape given by Riemann shows some points of agree-

ment[5]. For a weakly collisional plasma similar to our con-

20}
100 mTorr

10}

electric field (V/cm)

height (mm)

and temperature, the electric field could be up to 30%—
larger.

&E 33— r . . ditions, Reimann predicted a functional form for the
S ! presheath potential of
S B o
Qw© - 4
o Q 2¢ 100 mTorr .
s + T X
28 [ 180mior +++ ] D=-°+/ _ (39)
% g [ e )\Debye
5 s
% 0 [ ) il
2 3 4 5 Using this functional form, the fits to our data were not as
height (mm) good as a single exponential. However, this functional form

would indicate that the electric field is higher than an expo-

FIG. 14. Spatial derivative of the time-average electric field as a1ential at a larger distance from the electrode surface, in
function of height above the electrode for pressures of 100 and 188greement with the influence of the ion wind. Thus addi-
mTorr. The rf power was 1.8 W. The solid line is the spatial deriva-tional work needs to be done to understand the shape of the
tive of the exponential fit shown in Fig. 13.

potential distribution in the presheath.
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VIl. SUMMARY bye shielding of the charges. Analysis of the particle heights

and charge were used to derive the time-average electric field

lateral compression of two-dimensional plasma dust crystalat edge of the rf erven plasma. sheath. These measurements
2how that the particles are confined to the on the bulk plasma

cpnfmed In a paf?‘bo"c potential well. Unlike prior tec_h- side of the classical Bohm point and that the sheath has a
niques used to derive the number of electrons on the particles

Z and the screening lengtk, this method does not rely on fonlinear spatial dependence. Measurements of the spatial

. derivative of the time-average electric field support the mea-
measurements of the plasma parameters, thus reducing a r;i—
i

Particle interactions were directly determined from the

) ; . urement of a nonlinear variation of the electric field as a
jor source of uncertainty. The shape of the parabolic potent

, . . " . nction of height above the electrode in the presheath re-
well was confirmed by observing trajectories of single par-_. . : . :
. . o ) . ; . gion. We note that the ion wind force can significantly influ-
ticles falling within the well. Particle trajectories are in good ence the vertical location of the particles according to our

agreement with v_alues calculated using gas temperatures d imulations, and that the impact of that force is currently
rived from laser-induced-fluorescence measurements of th&fficult to quantify
argon metastable velocity distributions and assuming diffu- '
sive gas scattering.

Measured particle separations combined with an equation
of state for the crystal were used to derive values for the The authors thank Paul Miller for the double probe mea-
particle screening length and the charge on the particles. Pasurements and Professor H. Totsuji for sharing the data in
ticle screening length and charge were measured for a randgég. 6. This work was performed at Sandia National Labora-
of plasma power, pressure, and particle diaméiteass. tories and was supported by the Division of Material Sci-
Plasma crystal compression in the parabolic potential wasnces, Basic Energy Sciences, U.S. Department of Energy
demonstrated to be in good agreement with that predicted bgnd Sandia National Laboratorig&rant No. DE-AC04-
an equation of state for the 2D dust layer incorporating De94AL85000.
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