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Dust grain charging and levitation in a weakly collisional sheath
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An experiment is described in which monodisperse dust grains are levitated within a dc sheath
above a conducting plate in argon plasma. For plate bias voltages that are not too negathie

electron temperaturgsthe observed dust levitation heights are near to values calculated from a
model combining equations for the sheath with those for grain charging. When the plate is more
negatively biased, the theoretical levitation heights are higher than the observed heights as a
consequence of the measured sheath thickness being smaller than values obtained from the models.
© 2003 American Institute of Physic§DOI: 10.1063/1.1612941

I. INTRODUCTION charge and electric force as a function of distance from the
boundary. Two equilibria are found for boundaries that are

Dust in plasmais most easily observed within a sheath - : o o
; . o sufficiently negative, one of which is stable. An expression is
because the balancing of the electric and gravitational forces_ . . : .
erived for the largest grain that will levitate. In Sec. Ill, an

often _results m_statlona_ry part|_clef5. The grains charge to %xperiment is described in which the sheath potential profile
negative potential at which the incident currents of electrons

and ions are equal and opposite. Near the lower boundary i measured and monodisperse plastic spherggnin di-

. . o ﬁmeter are levitated in a dc discharge above a plate that is
the discharge, there is usually a downward pointing sheat ; ) o .
lectrically biased. The levitation heights are measured as a

electric f|e]d that increases as the_ boundary is approaCheﬁ'mction of the plate bias potential. We find that the data
The electric force, however, may increase, decrease, or re-

S : . gree with the model at the least negative bias voltages and
verse in sign depending upon the grain charge. If the dus . s . .
. . . overestimate the levitation height at large negative voltages.
particles are not too massive, the upward electric force ma

cancel the gravitational force and the dust particles may be summary and conclusion are presented in Sec. IV.

levitated. In this work, an experiment is described in which

monodisperse grains are levitated in a dc discharge in argon.

Levitation heights and sheath potential profiles are measuret. SHEATH MODELS

Thesg are compgred with calculated value§ from a mo<_jel thzﬂ_ Models for the sheath

combines equations for the sheath potential profile with the

grain charging equations. There is considerable experimental In the Bohm sheath model, there is a sheath—plasma

literature on the levitation of dust in RF discharges wherenterface atz, and the ion velocity at the sheath—plasma

strong coupling of the levitated dust particles results in dnterface is equal to the ion sound speeg- (T./m;)"?

variety of interesting crystallife® and wave phenomeffd. ~ WhereT, is the electron temperature in energy units amd
There are numerous theoretftd* and computational s the ion mass. The ion temperature is assumed negligible in

model$>6 of the dc sheath with varying degrees of com-comparison withT, and conservation of energy for ions re-

plexity. While there are a number of collisional sheathquires that the potential a, be ®(z,)=®,—T/2e=®,

modelst’~we use the collisional sheath of Riemahbe- Whereeis the elementary charge and the plasma potential is

cause the mean free path in the experiment is too long for #p- The ion velocity at other locations is also given by

fully collisional model. The Riemann model replaces the€nergy conservation

freely accelerating ions in the Bohm collisionless médel >

. . . . : e 2e

with an equation of motion for the ions that includes charge- Ui(2)2=C§+ —[Dy—DP(2)]= —[P,— D(2)]. )

exchange collisions. In Secs. Il Aand Il B below we combine m; m;

the CoIIisionlgss and _coIIisionaI sheath models With th?The electron density is assumed to be determined by the

sheath _chargmg equations. In Sec. IIQ these equat|ons_ iBoltzmann relation

dimensionless form are solved numerically for the grain

ne<z>=noeexp{%[d><z>—q>p]], @
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wheren, is the plasma density. The electron and ion density @ n(z) =n
atz, is reduced to, exp(—~0.5)=0.6n,. The ion saturation P k
current density directed toward the boundary is thkeg N
=0.6n,e¢ and the continuity equation then requires that

v\n(z) =0.6 1,
Jsu 0.60,C¢

eu(z) [2e
Hi[q)p_q)(z)]

ni(z)= 7, P(2)<D,. D(z2) —

dust grain

©)

The potential variation in the sheath is found by solving
Poisson’s equation (a)

2o

dZCI)(z)_ ‘]sat e ,
42 u(z) Noeex T—e[¢(2)—®p], (4)

with the boundary conditionsb(z,)=®, and E(z,)=0,
whereE(z,) is the electric field at the sheath—plasma inter- /

face.

In weakly ionized plasmas, the shortest collisional dis- y
tance scale is usually the ion charge-exchange mean free
path. These collisions can be modeled as the loss of momen- O(2) ? <
tum at the rate- v.m;u;(z), wherev, is the charge-exchange
collision frequency. The ion equation of motion in the fluid
approximation is thet?

dui(Z)_ dCI)(z)
o= gy vemiui(). 6) (b)

Va

Dy

m;u;(2)

The potential variation in the sheath can be found numeri- ;
cally by integration of Eqs(4) and(5).

FIG. 1. (a) Diagram of the sheath modéb) Detail of the potential pertur-
bation in the sheath caused by a grain.

B. Grain charging

The perturbation made to the sheath potential by the e[ D(2)— Dy(2)]
charged grain is assumed to have a spatial exdetiat is Jgrai,(z)=Jsa[1+ —
much greater than the grain radius and much less than the
sheath width as shown in Fig. 1. The potential at the surfaceshere the bracketed term is the focusing factor dad
of the grain® falls in the distancel to the potential in the = %miuiz(z):e[cbp—cb(z)] is the kinetic energy of the ions

, ®

nearby sheath. The relation between the grain ch@@8, in the sheath before encountering the grain potential. The
the grain potential and the potential in the nearby sheath igquilibrium charge is reached at the grain potential for which
obtained from integration of Gauss’s law: le(2) +1;(2)=0, or
Q(z2)=4mesal1-ald][Py(2) —P(2)] [Smi r’z F{e(<1>d(2)—<1>p)} 6{ [P(2)—Dy(2)]
- ex +0§1+——
=4me.a[Py(z)—P(2)], (6) TMe Te [@,—D(2)]

wherea is the radius of the grain. This may also be written as =0. ©)

Q(2)=C Vy(2) where C=4mesa is the gain capacitance This expression allows the grain potential to be found as a
andVy(z) =®4(z) — (2) is the potential of the grain rela- function of the local potentiald(z) and the potentialsb,

tive to the surrounding sheath plasma.. and®,. In the sheath literaturep,, is often set to zero and
A grain at a more negative potential then(z) repels in the dusty plasma literatur,, is often set to zero. The
electrons and the incident electron current is equations here are in the most general form to avoid ambi-
1 e guity.
lo(2)=— ZnoeAue ex T—[CI)(z)—@p] , (7) The model for the collisional sheath is a fluid model in
€ which u; is the fluid velocity of the ions. In order to find the
where ug=(8 To/mm)*?, m, is the electron mass andl  ion current in the collisional case, we calculate the ion ki-
=4a? is the grain surface area. netic energy from the fluid velocity and obtain from E8§)
For the collisionless sheath, the ion current density el D o
Jarain(2) is found from orbit-motion-limited theory of , :é e[P(2)~Pu(2)]
; 021 li(z)=—Jsq 1+ > : (10
probed® 4 m;u;(2)
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The grain charging equation for the collisional sheath is then 0 @ : —
a oo
[Smirz F{e(Qd(z)_q)p)} -2 g
Mg Te
-4
_ o
Jsat 2e[®(2) <I>2d(z)] _o. (11) 6 — ——— Collisional, n=0.1
No€G mu(* | g ____ Collisional, = 0.01
For numerical solutions it is convenient to cast the col- -8 Collisionless
lisional sheath equations into dimensionless form 6
B2D(Z)  Jen -
=—= +exg ®(z2)], 12
T e (12
- #
L du@ _ de@
Ui(i) dz dz _ﬂui(i) ) 13
where the new variables aé(z)ze[(l)(z)—CDp]/Te, 3sat
=J./NeC=0.6, Ti(2)=ui(2)/cg, Z=2z/A\p and \p

=[e,Te/N,e?]1Y2 The collisionality is expressed by the pa- 2 4 6 8 10 12 14 16
rameterp=>\p/\; where\;=cs/ v is the charge exchange
mean free path. This differs from Riemand'gimensionless FIG. 2. (a) The potential as a function of distance from the boundary for the
form because the usual Debye Iength has been used rath‘i?ll"Sional(":o'l andz=0.01) and collisionless sheath mode(k) The ion

. velocity as a function of distance from the boundary for the three sheath
than the Debye length calculated at the sheath interfac@ogels. The units for both graphs are dimensionless.
wheren,=0.6n,. The boundary conditions for integration
are®(z,)=—0.5,1;(z,) =1, andE(z,) = 5. The last condi- o _ _
tion is the electric field necessary to balance the collisionagollisional sheath withy=0.1 and Fig. &) shows the corre-

drag force. sponding electron and ion densities. The grain becomes more
The grain charging equation in dimensionless form penegative as the boundary is approached. However, the sheath
comes potential becomes more negative than the grain potential and

_ _ the charge on the grain becomes positive. Figue: ghows
2[D(2) — Dy(2)]
0(2)?
whereJ,= (8m;/7mg)¥2 In the collisionless case, the ion

velocity is from energy conservation and in the collisional
case it is from integration of Eq13).

=0, (19

_39 exp:a)d(i)] +3sat{ 1+

\

C. Numerical solutions =TT g
The numerical solutions to the sheath models are shown 10 | |
in Fig. 2(@). For the collisional model;=0.1 and%=0.01 0 4 8 12

are assumed. Integration is begun &z,)=—0.5 with

E(z,) = and continued untid(z) = — 10. The solutions are
shifted inz so that the boundary is at zero and the position of
the sheath—plasma interface is then determined by the sheath

thickness. The sheath thickness is 10.3 for the collisional o
sheath with»=0.1 and is 16.0 for the collisional sheath with n;
7=0.01, measured froP(z) = — 10 to —0.5. The collision- "
less sheath approachd¥z)= — 0.5 asymptotically and the © 04

presheath is infinitely distant. In the collisional models, the
ion velocity[Fig. 2(b)] is significantly reduced with the final
ion kinetic energy forp=0.1 being about a third of that
given by energy conservation. The collisionality parameter
alone is misleading about the effect of collisions. The prob- z

ability of a charge-exchange collision in the sheath is neagg. 3. (s The sheath potentiab(z), the dust potentiab, and the grain

unity with »=0.1 because the sheath thickness is nearly temaharging potential relative to the sheath,, as a function of distance from
Debye lengths. the boundary(b) The electron and ion densities as a function of distance

. et from the boundary. Their values are 0.6 at the sheath—plasma interface. Both
Flgurg 3a) shows the dust potent|$l>d(zl, the sheath graphs are for the collisional model with=0.1, and the units are dimen-

potentiald(z) and the grain charging potenti),(z) for the  sionless.
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FIG. 5. Schematic drawing of the apparatus. Plasma is created in argon gas
by primary electrons from the filament at the bottom of the apparatus. The
3 Pl dust levitates in the sheath above a metal plate that may be electrically
(b) //’\ F biased. A vertical sheet of laser light transverse to the plane of the drawing
NS e illuminates the dust.
Fg =
ook ~
increased by making the boundary more negative. The maxi-
mum size of grain that will be levitated can be found by
3, '6 1 equating the gravitational force
_4 3
z Fy=3mpga’, (15

FIG. 4. () The sheath electric field as a function of distance for the colli- With the electric force evaluated at its maximum

sional and collisionless modelgb) The electric force on the grain as a .
function of distance from the boundary. The units are dimensionless except Fe=[QE]lmac4m€,a[2.8T,/€][0.83Te/(eNp)]

for the electric force, which is in arbitrary units. The horizontal dotted line is

a representative magnitude of the gravitation force. 29aeng

e’\p

o L ) where p is the density of the grain material arglis the
that the sheath electric field in the collisional model is greatet, ..o |eration of gravity. The maximum radius that can be
near the boundary than in the collisionless model and i?evitated is

smaller near the sheath—plasma interface. The electric force
obtained from the product of the grain charge and the electric _ (% llz_e 1
field is shown in Fig. 4). A representative value for the M Nppg/ €’ a9
magnitude of the gravitational fordg, is shown as a dotted
line. There are two possible levitation points where the elect||. EXPERIMENTS
tric force is equal to the magnitude of the gravitational force.
The point further from the boundary is stable because the nept" Apparatus
force is toward this point if the particle is slightly displaced The experiments are performed in a stainless steel
in either direction. The other equilibrium point is unstable.vacuum chamber 51 cm in diameter and 28 cm in height
The only stable equilibria are at points whebdz) is less (Fig. 5. The chamber is evacuated to a base pressure 3
negative than about 3 T,/e. If the particle is too massive, X10 ' Torr by a turbomolecular pump and the working pres-
there are no equilibria because the electric force is everysure is 1.5 10 * Torr of argon. The charge exchange cross
where smaller than the gravitational force. Similar results forsectiorf® at low energieg~0.1 e\) is 7.2x 10 *®cn? and
both collisional and collisionless sheath models have alsthus the charge exchange mean free path is 26 cm. The
been obtained by Nitt&? plasma is generated by primary electrons from a filament
For the low collisionality of our experimenty=0.01, emitting 350 mA and biased te 40 V. A few cubic millime-
the collisional and collisionless models do not differ signifi- ters of dust is placed upon a stainless steel plate 20 cm in
cantly[Fig. 2@)]. For this case there is a peak in the force ondiameter positioned approximately in the center of the
the grain at a distance of 5\3, from the boundary when the vacuum chamber. This plate is electrically isolated and may
potential there is- 10T, /e. At the point where the force is a float or be biased. There is a raised(ip6 mm height at the
maximum, the sheath potentials3.1T./e, the dust poten- circumference of the plate to keep the dust from moving past
tial relative to the surrounding sheaths2.8T./e and the the edge.
sheath electric field is-0.83T./e\Np. If the boundary is The filament is located below the plate and the collection
made less negative, then the spatial profile of the forcef primaries by the plate results in a more negative floating
moves toward the boundary and is otherwise unaltered. If thpotential for the plate than for dust particles. There is no
boundary is made more negative, the profile moves awaysurface magnetic containment of the primary electrons thus
The peak force is unchanged by altering the boundary poterihey follow nearly linear trajectories from the filament to the
tial, thus the size of the particles that can be levitated is notvalls or the lower side of the plate. The primary electrons

: (16)
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thus are not present in the volume immediately above the 4
plate and do not directly affect the grain charging, the sheath
0

potential profile, or the probe diagnostics. The experiment is
otherwise similar to that of Arnast al>*?°in which both the
plate and the grains are charged by primaries as well as 4 255 /15/10 /15 30 mm
plasma electrons.
-8 . .
-30 -20 -10 0 10

Basic plasma parameters are determined by a circular,
planar probe located 8 cm above the plate. The space poten-
tial ®(z) is determined by an emissive probe nearly identical
to that described by Diebolet al?® The filament heating is FIG. 6. Data from sweeping the emissive probe voltage and measuring the
adjusted such that the probe emits0 uA when several —Ccurrent at six distances from the plate.
volts more negative than the local potential. A control circuit
adjusts the bias voltage to the point where the emission cur- )
rent just exceeds a threshdld 1 zA) and this bias voltage is @n average Debye length of 3.15 niral mm). The ratio of
recorded asb(z). The filament heating current is half-wave the Debye length to the charge exchange mean free path is
rectified AC and the data are recorded at the end of the heat?=0-012. . o )
ing pulse in order to minimize the effect of the filament ~ Scanning the emissive probe over voltage and measuring
voltage drop. The emissive probe may also be scanned in tffge current at different chatlons, shown in Fig. 6, illustrates
same way as the Langmuir probe. The translation stage thH_?e use of _t_he current bias method to measure space poten-
moves the probe creates a train of electrical pulses that trigial- At positive voltages the probe collects plasma electrons
gers the data taking at 0.5 mm intervals. There is an uncegnd at sufﬂm_ent_ly negative voltages it emits electrons. T_he
tainty in the probe position of2 mm due to flexure of the SPace potential is often interpreted as thg voltqge fOF.WhICh
supports. This technique has previously been used for exper{® Ccurve has the greatest slofghe inflection point
mental studies of the potential profiles in she&t&and method.3? An alternate technique is to use the point at which

Current (pA)

Voltage (V)

presheath&’~3! the emission crosses a threshotdl wA) small in compari-
Dust grains levitated in the plasma sheath are monodis3on With the thermionic emission limit. Comparison of these
perse polystyrene divinylbenzene beads 3@ um in di- techniques for our experiment shows that the floating poten-

ameter, a density of 1.0510°kg/n®, and a mass of 5.5 tials they give differ by less than 0.2 V within the sheath.
%10 kg, which gives a gravitational force ¢f,=5.6 Potentials measured using the current bias method may be

%10 12N. These grains are sufficiently large to be easi|yoffset from the true potentials as a consequence of contact

seen in the video images. Grains can be raised into the shediRtentials. However, the mathematical expressions in Sec. Il
by striking the plate using an insulated hammer on a vacuur@"® Written in terms of potential differences so that a constant
feedthrough but this is not necessary at plate biases moffset in measured potentials does not affect the results of the
negative than approximately27 V. An argon laser illumi- calculations. .

nates the grains and a charge-coupled de(@@D) camera There was initial concern that dust particles would move
viewing through a laser line filte88+2 nm) records posi- away from the center of the surface as a consequence of the

tions. A cylindrical lens is used to create a vertical sheet ofheath tending to become hemispherical at large bias volt-
laser light that illuminates grains at a fixed distance from the2ges- Figure 7 shows radial scans of the floating potential 1.5
camera. A movable scale within the vacuum chamber is use§m above the plate at three bias voltages, which indicates
to calibrate the scale of the video images and to determinfhat the potential contours are nearly planar. This is consis-
the levitation heights. tent with th_e observation that the dust floats stably above the
Equation(17) for the conditions of the experiments gives central region of the plate.
a maximum dust levitation radius of 64m, which is con-
sistent with the observation that 5/0m radius polystyrene

grains are levitated. Equatidfi7) is also consistent with the 0
results of experiments using monodisperse polystyrene divi- _5
nylbenzene beads 7.49.3 um in radius(14.9+0.6 um di- i gt T :
ametey, in which no particles are seen levitating. Larger hol- o (;/1)0 iy i1 : 1
low glass microballoons are easily levitated, however, these _15
have a large uncertainty in mass due to variation in the wall
thickness. -20 i

~25 R A I

1 2 3 4 5 6 7

B. Data Radial distance (cm)

. . . IG. 7. Measured potential?(z), at approximately 1.5 cm above the plate
For standard operating conditions, the Langmuir prObé;s a function of radial distance from the plate center. Data for three different

indicates an electron temperature of 840.2) eV, a plasma  pjate biases are showh,= —30V (boxes, V,=—40V (diamonds, and
potential of ~1.7 eV, a density of 2£1)x 10 cm 3, and  Vv,=—80V (stars.
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FIG. 8. Measured potential as a function of distance from the plae), FIG. 9. Negative of two superimposed digital photographs showing a stable,
(data pOint$ and the potential calculated from the Riemann collisional levitated po|y5{yrene gramloo um in diametey above a p|ate biased to
theory with »=0.012(lines) for two different plate biases. The square points —40 and—60 V. The scale gives the distance above the plate. As expected,
and solid line correspond to a plate bias-630 V, while the diamond points  |evitation height increases as the plate potential decreases.

and the dashed line correspond to a plate bias-80 V. The difference

between the data and the theoretical curves increases as the plate bias is

decreased: case, the measured density and temperature from the Lang-
muir probe are used with the Riemann collisional sheath

The sheath potential profile above the plate measurqueory to calculate a sheath potential profile. This method

with the emissive probe using the current bias method iSresults in a dust levitation height which agrees with the mea-

Shoun n i . long i e aluated shea potncafy'sd ST 30, it ot oot prcitor
profile from the collisional model withy=0.012. The data g 9

are for the plate biasy,, adjusted to—30 V, which is ages because the predicted potential profiles do not agree

slightly more negative than the floating potential, and-&0 with the measured profile§ig. 8.

. . . . The discrepancy between the measured and calculated
V; the most negative plate bias used in the experiments. ThSGheath rofiles at increasingly negative plate biases could be
dimensionless potential is scaled using the measured electron P gly neg P

temperature and the plasma potential. The data and th%consequence of the ion density in the sheath being higher

theory for—30 V overlap visually if the measured profile is an predicted, .thqs givin.g a smaller characteri.stic length
shifted toward the plate by 1 mm, which is within the uncer_scale. This possibility was investigated by measuring the cur-

tainty in the probe distance scale. The collisional model thusrent density to the plate. For this measurement, a quckmg
srrface was placed under the plate to prevent collection of

rovi ription of the m r heath nti . .
provides a good description of the measured sheath pote taasma electrons and primary electrons by the lower side of

! . - . _ p
profile gt a bias of~30 V‘. For bias voltage§. 30 V, the the plate. In this situation, the current collected by the plate,
model is found to overestimate the sheath thickness as derP:-ig 11, was found to increase with bias voltage. The ion

onstrated by the discrepancy between the data and the theo . . .
retical curve atV,=—80V (Fig. 8. Plate bias voltages current densitylg,; used in the sheath theories does not vary

=30 V were no invesigate because t was difcl 10} 01° %S POLTUEL For e e neaaue i volages,
obtain levitation of the 1Qum diameter particles.

An image of stably levitated dust grains is shown in Fig.the sheath profile is near to that calculated from the theory.

9. When measuring levitation height, the number of grainsFor the most negative bias voltages, the measured current

was limited so that the sheath conditions would not be al-

tered by the presence of the grains. Two images of a single, 35
10.0 um diameter, polystyrene grain are combined in Fig. 9
to show the levitation heights at plate biases-@f0 and—60 sp f

V. Measured levitation heights as a function of plate biases )s .
voltages from—30 to —80 V are plotted in Fig. 10 along Z(Cm)' % .
with levitation heights calculated in two ways: From the 2 i l
measured potential profiéand from the profile calculated '

using the collisional theory withy=0.012. In the first case, L3
the measured potential profile is differentiated to find the
electric field profile. The charge is calculated from Ety)

using the measured plasma parameters and the height is then
found for which the forces cancel. The levitation heights
calculated using this method are consistent with the meaF!G. 10. Levitation height of a single 1am diameter polystyrene dust

sured levitation heights, and the exponential term in(EEQ) particle as a function o_f plate b|a\i!b_. The hollow boxes repre_sent heights
measured in the experiment, the diamonds are calculated using an exponen-

resuIFs in the grain charge being relatively insensitive to €Tiial fit to the sheath data, and themarks are calculated using the Riemann
rors in measurement of plasma parameters. In the secondllisional theory for the sheath.

FEA—i
HE—e—$d
bl ) 3G

1

|
w |
<

-8 =70 -60  -50  —40
Vb (V)
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1 : : sheath model must include source teftig® As the plate
0g bias_is made r_nore_negative, the sheath expands and a larger
- . . fraction of the ions is collected at the plate and a correspond-
E 06 ’ ingly smaller fraction of the ions collected at the walls of the
£ ) vacuum chamber. An accurate model for the sheath above a
*S 0.4 . biased surface and for the levitation of grains above this
E o2 surface will thus require a model for the sheath in which the
E “““““““““““““““““““ collected ion current is not a small perturbation to the par-
0 ticle balance.
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