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Nonlinear resonances of particles in a dusty plasma sheath
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Institut für Experimentelle und Angewandte Physik, Christian-Albrechts-Universita¨t Kiel, 24098 Kiel, Germany

~Received 5 December 2000; published 23 May 2001!

Vertical oscillations of microparticles trapped in the sheath of a capacitive rf discharge have been excited
showing a strongly nonlinear resonance. The nonlinear oscillations are analyzed in terms of an anharmonic
fourth-order potential energy curve. It is demonstrated that the observed nonlinearities can be related to a
position dependent charge of the microspheres, whereas the electric field is found to be as nearly linearly
increasing. The experimental results on the position dependent charging and electric field structure are com-
pared to a numerical model.
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I. INTRODUCTION

In the last few years, dusty plasmas have attained a g
interest because of their importance for astrophysical p
nomena and their application in plasma processing techn
gies. Plasmas containing small particles~nanometer to mi-
crometer size! are found in planetary rings, comets, nebula
noctilucent clouds, etc. Dusty plasmas play an important
in industrial devices for microchip processing, where parti
formation poses a serious problem of contamination. Te
nological applications are found in discharges with react
gases for particle growth and deposition, as well as manu
turing of nanopowders, solar cells, and new materials.

Even more fascinating in view of fundamental physics
the observation that microspheres trapped in the pla
sheath form nearly two-dimensional crystal-like structu
~the so called plasma crystals@1–4#! providing an ideal
model for condensed matter on a macroscopic scale.

The charge of the grains and the electric field structure
the sheath are considered to be crucial parameters for
particle trapping and crystallization of microparticle crysta
in laboratory experiments on Earth.

Oscillatory motion of particles that are trapped in t
sheath of an rf discharge was already used as a diagn
means for determining the charge on microspheres@5#. This
technique was later refined by using a laser force on
particle @6#, confirming theQ/M values found earlier. The
various oscillation modes of a particle trapped in the she
including parametric excitation of the vertical resonan
were studied in Ref.@7#.

Damped linear oscillations of particles dropped into t
sheath were exploited to obtain a detailed insight into
particle charge@8#. The key point in all these experiments
that the electric field is considered to be linearly increas
and the charge on the particle is constant, resulting in a lin
resonance of the oscillating particle. A linear resonance
characteristic of a particle oscillating in a parabolic effect
potential well, that results from the assumptions on the e
tric field and particle charge@5,6,9#.

Recently, the nonlinear oscillations of single particle
that were trapped into the sheath region were used to exp
the electric field structure of the sheath@10#. Self-excited
oscillations driven by a delayed charging due to a fin
charging time were observed by Nunomuraet al. @11#.
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In the experiments here, micrometer sized spherical p
tic particles of three different sizes are trapped in the io
space charge sheath of a capacitive rf discharge~see Sec. IV!
and their vertical nonlinear oscillations are studied here
derive the position dependent charging. The experimenta
sults are compared with a numerical model.

II. OSCILLATION MODEL

The particles trapped in the positive ionic space charge
an rf discharge, usually attain a high negative charge~see
also Sec. III! due to the higher electron mobility. The resu
ing electric force on the particle points upwards against
gravitational force and the static equilibrium of the partic
in the sheath is described by the force balance@see Fig. 1~b!#

Mg5Q~x!E~x!. ~1!

Here, we assume that the charge and electric field
position dependent but time averaged.x is coordinate in the
‘‘local coordinate system’’ relative to the particle equilib
rium position. The ‘‘absolute coordinate system’’ is taken
be relative to the sheath edge. Withx0 being the equilibrium
particle position in the ‘absolute’’ system,x1x05X.

The general equation of motion then has the form

Mẍ1Mb ẋ5Q~x!E~x!2Mg1Fexcsin~vt !. ~2!

Mb ẋ is the force due to the friction of the particle with th
neutrals@12#. The excitation forceFexcsin(vt) is due to the
modulation of the rf power with a low frequency voltag
that results in a ‘‘shaking’’ of the plasma sheath with t
applied low frequency. This periodical force drives the p
ticle oscillation.

Other forces like the thermophoretic force@5#, and the ion
drag force@9# are neglected here. They are commonly a
sumed to be much smaller than the electric field force
gravity in the sheath, for large dust grains~>2 mm!.

In previous experiments@5,9#, the electric field was as
sumed as linearly increasing from the sheath edge to
electrode@see Fig. 1~b!#; it was also assumed that the electr
charge on the dust grains is constant over the regions
ered by the oscillations. This results in a parabolic effect
potential energy well for the particle. In this case, the gene
equation of motion simplifies to
©2001 The American Physical Society03-1
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ẍ1b ẋ1v0
2x5

1

M
Fexc ~3!

with v0
25Q0E1, whereQ0 is the constant charge andE1 is

the slope of the electric field. This equation describe
damped harmonic oscillation with a linear resonance. S
linear resonances of single particles were exploited to m
sure the electric charge of the dust grains@5#.

Variation of the electron and ion densities and currents
the sheath lead to a deviation from the linearly increas
electric field profile and to a position-dependent dust cha
This results in a nonparabolic effective potential energy w
that the particle experiences. In our analysis it is assum
that the electric field and the charge are described by p
nomial functions

Q~x!5Q01Q1x1Q2x21Q3x3

5Q̃01Q̃1X1Q̃2X21Q̃3X3, ~4!

E~x!5E01E1x1E2x21E3x3

5Ẽ01Ẽ1X1Ẽ2X21Ẽ3X3. ~5!

@Ẽ050 sinceE(X)50 at the sheath edgeX50.] The
equation of motion then becomes nonlinear, including hig
order terms

FIG. 1. Scheme of the experimental setup~a! and equilibrium in
the sheath, modulation technique, electric field, and effective po
tial ~b!.
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a
h
a-

n
g
e.
ll
d

y-

r

ẍ1b ẋ1C1x1C2x21C3x31•••5
Fexc

M
cos~vt !. ~6!

The coefficientsC1 , C2, andC3 are combinations of elec
tric field and charge coefficients.

C15
1

M
~Q0E11Q1E0!, ~7!

C25
1

M
~Q0E21Q1E11Q2E0!, ~8!

C35
1

M
~Q0E31Q1E21Q2E11Q3E0!. ~9!

C2 andC3 describe the nonlinear terms giving the dev
tion of the effective potential energy well from the simp
parabolic shape. IfC2 and C3 are zero, then the simple
damped harmonic oscillation is obtained, with the frequen
determined byC1 . C2 determines the up/down asymmet
of the potential in the sheath andC3 determines the weaken
ing or strengthening of the potential energy well for high
oscillation amplitudes.

Higher orders that could be taken into account in t
equation of motion would add new unknown coefficien
Here we restrict ourselves to the three coefficients hold
the main information, i.e., resonance frequency (C1),
oscillation/potential asymmetry (C2), and weakening/
strengthening of the potential (C3).

III. CHARGING AND SHEATH MODEL

The experiments are compared with a model of parti
charging in the sheath of an rf discharge to give a m
detailed insight into the problem.

Here, the particle charging is described by the commo
used OML model. Because of their large size compared
the plasma components~ions and electrons! the dust particles
act like small probes collecting ionic and electronic curre
on their surface. In the special situation of the sheath
modified expression for the ion current, that accounts for
supersonic ion flow in the sheath is adopted@13#

I i~Fp ,xp!5nsepR2S kBTe

mi
D 1/2F122

eFp

kBTe
S vB

v i~xp! D
2G ,

~10!

I e~Fp ,xp!52ne~xp!epR2S 8kBTe

pme
D 1/2

expS eFp

kBTe
D .

~11!

HereR is the particle radius,kB is the Boltzmann constant
mi andme are the ion and electron mass respectively,Te is
the electron temperature, andFp the surface potential of the
particle relative to the local plasma potential at the parti
position. In the sheath, the reduced electron density is ta
into account for the electron current. Thereforene is the
electron density at the particle positionxp . The ions are
assumed to be accelerated to the velocityv i by the sheath

n-
3-2
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NONLINEAR RESONANCES OF PARTICLES IN A . . . PHYSICAL REVIEW E63 066403
electric field without collisions. The ion density at the pa
ticle position can then be determined, according to the eq
tion of continuity

ni~xp!v i~xp!5nsvB , ~12!

wherens is the ion/electron density at the sheath edge andvB
is the Bohm velocity. The electron and ion currents are the
fore position dependent due to the reduction of the elec
density and increase of ion velocity in the sheath, resp
tively. ne and v i are taken as position dependent but tim
averaged values over the rf period because the rf perio
much smaller than the charging time or the oscillation per
of the dust particle.

The equilibrium floating potential and thus the equili
rium charge are derived from the balance of the electron
ion currents. The charge on the particulate is related to
floating potential, assuming the particle as a spherical cap
tor @5#

C54p«0R, ~13!

Q5CFp . ~14!

The sheath model of Lieberman@14# is applied here to
calculate the electron and ion densities, velocities, and e
tric field in the sheath.

The sheath model of Lieberman@14# presents a self-
consistent solution for the ion and electron densities and
electric potential in the sheath, obtained under the assu
tions of time independent, collisionless ion motion, and
ertialess electrons. Using the model of Lieberman, the e
tric field, ion and electron densities, and floating potential
the grain surface have been calculated and plotted in
absolute coordinate system in Fig. 2.

Multiplying the calculated chargeQ(x) with the electric
field E(x), the potential energy curve is obtained after in
gration. This calculated potential curve was compared w
the potential determined from the experimental values us
C1 , C2, andC3 @see Sec. V and Fig. 3~b!#.

Figure 2~c! represents the calculated electric field in t
sheath, together with a linear fit. As it can be observed,
electric field is almost linear over the whole plasma shea
in agreement with recent results@15#. Only in the vicinity of
the plasma edge, the electric field starts with a smaller slo
To simplify the analysis of the experiment, we assumed
following approximation for the electric field: at the shea
edge (X50), it starts as zero until the ‘‘turning point’’~at
X5xs) from which on the field continues as a linearly i
creasing function@see Fig. 2~b!, dotted curve#.

Considering this, Eq.~5! becomes

E~X!5H 0, X<xs

Ẽ1~X2xs!5E01E1x, X.xs .
~15!

If this expression is replaced in the equations forC1 , C2,
andC3, Eqs.~7!, ~8!, and~9! become

C15
1

M
~Q0E11Q1E0!, ~16!
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C25
1

M
~Q1E11Q2E0!, ~17!

C35
1

M
~Q2E11Q3E0!, ~18!

whereE05E1(x02xs) with x0 the equilibrium position of
the particle.C1 , C2, andC3 are zero forX<xs .

Assuming that the charging process is the same for
three particles, it is reasonable to introduce a ‘‘charg
function’’ Fp(X). Under the assumption of the spherical c
pacitor charging model for the dust grains, this charg
function is the floating potential. Therefore we split th

FIG. 2. Lieberman and Lichtenberg model; electron and
densities~a!, floating potential~b!, and electric field~c!. The sym-
bols mark the positions where the the force balance is fulfilled
each particle.
3-3
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C. ZAFIU, A. MELZER, AND A. PIEL PHYSICAL REVIEW E63 066403
charge of the grain into the geometrical factor 4pe0R and
assume the charging function as the ‘‘universal’’ floating p
tential Fp(X)

Q~X!5Fp~X!4pe0R. ~19!

The charging function is also assumed to be a third-or
polynomial function of position, like the particle charge~see
Eq. 4!.

Fp~X!5F̃01F̃1X1F̃2X21F̃3X3 ~20!

Figure 2~b! shows the floating potential computed fro
balancing the electron and ion currents on the particle
face, according to Eqs.~10! and~11! and introducing the ion
and electron average densities@plotted in Fig. 2~a!#. The
open circles indicate the equilibrium positions for the thr
different particles with diameters of 9.47mm, 12.07mm, and
20.02mm used in the experiments.

FIG. 3. Best-fit results of the nonlinear resonance curve~a! and
effective potential well~b! for 9.47mm particle. The dashed line in
plot ~b! represents the ideal parabolic potential well.
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IV. EXPERIMENT

The experiments have been performed in a parallel p
rf discharge in helium at low pressure~5.8 Pa! and rf power
of 13 W @see Fig. 1~a!#. Monodisperse, spherical plastic pa
ticles of 9.47mm and 12.07mm diameter, made of melamin
formaldehyde, and of 20.02mm diameter, made of poly-
methylmethacrylate are immersed into the plasma. The lo
electrode is powered while the rest of the discharge cham
is grounded. The particles are trapped in the sheath abov
lower electrode. Here, an electrode with a shallow parab
trough is used to impose a very weak horizontal confinem
on the particle. Two 690-nm laser diodes were used to i
minate the particles trapped in the sheath. One beam is
panded horizontally and the other vertically.

Two video cameras were used for observation from
and from side. The vertical laser sheet together with the s
view camera are used to record images of the oscilla
particle. The side view high speed camera allows record
at up to 200 frames/s.

Low frequency modulation of the rf voltage was used f
excitation of large amplitude particle oscillation. By com
parison with laser excitation, this voltage modulation tec
nique has been shown not to affect the plasma environm
@6#. The excitation signal is applied to the electrode throu
a low pass filter@see Fig. 1~b!#. The excitation amplitudes
were: 5 Vpp (d59.47 mm!, 10 Vpp (d512.07mm!, and 23
Vpp (d520.02mm!. The oscillations are recorded over se
eral oscillation periods, with up to 100 frames/s.

The three different particle sizes were used to inspec
large region of the sheath.

Very small particles of 0.93mm were introduced to mark
the position of the sheath edge (X50). Because of their
small mass, we assumed that they need a very small ele
field to levitate them and, thus, we consider them lying at
sheath edge.

V. DATA PROCESSING TECHNIQUE AND RESULTS

The nonlinear resonance curves are measured in the
lowing way. A single particle of one of the three differe
sizes is introduced into the chamber. The particle is trap
in the sheath of the lower electrode and then the lo
frequency modulation is applied with various frequenci
The resulting oscillation amplitudes are measured upwa
and downwards relative to the equilibrium position. The
sulting resonance curves are shown in Fig. 4 for the sma
(9.47 mm! and the largest (20.02mm! particle @12#. In our
experiments, hysteretic resonance curves were obtained,
bend towards lower frequencies and yield jumps or drops
amplitude for increasing or decreasing frequency, resp
tively ~see Fig. 4!. The observed hysteresis is a general fe
ture of nonlinear resonances@16#. From this overall behav-
ior, it can already be deduced that the effective poten
becomes softer with increasing the amplitude, that me
that C3 must be negative.

It is also easily observed that the oscillation is asymme
and that the asymmetry depends on the position in
sheath. For the lighter particle~that oscillates close to the
3-4
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NONLINEAR RESONANCES OF PARTICLES IN A . . . PHYSICAL REVIEW E63 066403
sheath edge!, the oscillation asymmetry is towards th
plasma edge, which means a positiveC2. In the case of
heavier particles~that oscillate deeper in the sheath!, the os-
cillation asymmetry changes, showing a potential asymm
towards the electrode, which means thatC2 is now negative.

The coefficients of nonlinearityC1 , C2, and C3 have
been determined in two ways from the resonance cur
First, the equation of motion~6! is solved approximately
using the following trial solution@16#

x~ t !5B01A1 sin~vt !1B1 cos~vt !. ~21!

whereB0 is the term that defines the asymmetry~offset! of
the oscillation. Considering thatA1

21B1
25D2, whereD is the

amplitude of oscillation, the general equation of motion c
be solved, neglecting terms of higher harmonics (>v). The
amplitude and the asymmetry of the oscillation are then
tained from the system

S Fexc

M D 2

5Fv22C122C2B02
3

2
C3~2B0

21D2!G2

D2

1b2v2D2,

05C1B01
1

2
C2~2B0

21D2!1
1

4
C3B0~4B0

213D2!1g.

~22!

FIG. 4. Measured upwards and downwards amplitude curves
a 9.47 mm ~a! and a 20.02mm ~b! particle, for increasing and
decreasing frequency, relative to the equilibrium position.
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Solving this system for givenC1 , C2, andC3, the non-
linear resonance curve can be calculated (D as a function of
frequency!. The damping constants,b were computed for
each particle size used in the experiment@12#. They were
found to beb51.64 s21 (9.47 mm!, 1.28 s21 ~12.07 mm!,
and 0.78 s21 ~20.02mm!.

The second way of finding the values forC1 , C2, andC3
is by numerically solving the general equation of motio
This method is more general since we can take into acco
that the particle might be pushed into the plasma reg
where only the gravitation and friction forces act on
Again, the values for the coefficients governing the equat
of motion are obtained by fitting the computed resonan
curve to the experimental one. The values found in this w
are very close to those computed using the previous met
The differences are within 5% of each value.

Here, the numerical solution of the general equation
motion is used to find the best-fit values forC1 , C2, andC3.
Figure 3~a! presents the best-fit result for the 9.47mm par-
ticle ~the averaged amplitude between the upwards
downwards excursions!. Table I shows the best-fit values fo
the three coefficients for all three particle sizes.

As expected, the change of sign forC2 ~that defines the
asymmetry of the effective potential well, see Fig. 3~b! in the
case of 20.02mm particle reflects the change of oscillatio
asymmetry experimentally observed. Also negative value
C3 ~related to the softening of the effective potential we!
for all particle sizes were obtained, in agreement with
model.

At this point the coefficients in the equation governing t
nonlinear oscillations of the particles have been derived. T
aim is furthermore to see how the charging process and
electric field structure influence the effective potential, lea
ing to the nonlinear features of the resonance curves
were discussed above~bending and asymmetry! and which
are the nonlinear individual contributions either of the ele
tric field and charge to the nonparabolic potential well.

Considering that the small particles of 0.93mm lie just at
the sheath edge, the electric field is chosen to be of the f
described by Eq.~15! and the particle charge is defined by

Q~X!5Q̃01Q̃1X1Q̃2X21Q̃3X3

5Q̃01Q̃1~x1x0!1Q̃2~x1x0!21Q̃3~x1x0!3.

~23!

x0 is the position of the particle for which the resonan
curve is recorded relative to the sheath edge,xs is the dis-
tance from the sheath edge to the ‘‘turning point’’ where t
electric field becomes linear andx is the ‘‘local coordinate.’’

or

TABLE I. Best-fit values for coefficientsC1 , C2, andC3.

d ~mm! C1 (s22) C2 (m21s22) C3 (m22 s22)

9.47 7200 1.53105 21.23109

12.07 6200 13105 21.13109

20.02 1900 25.13105 263107
3-5



ee
. I
-

al
n
ti

ble

en

o-
b-
us.

o-
rity
t do
ted
he
the

ow
re,

dic-
del
our

of
to

on-
eas

nt
si
e

s-

C. ZAFIU, A. MELZER, AND A. PIEL PHYSICAL REVIEW E63 066403
The depthxs was chosen in order to obtain the best agr
ment of the floating potential curves for all three particles
was found to bexs50.25 mm, in good agreement with Lie
berman model, as can be observed in Fig. 2.

Assuming a linearly increasing electric field with a sm
plateau at the plasma edge and a polynomial-like variatio
the charge on the particulate, the charge, and the floa
potential are computed, using the values forC1 , C2, andC3
obtained above. They are plotted in Fig. 5.

FIG. 5. Electric field, floating potential and charge compone
in the ‘‘absolute coordinate system’’ and particle equilibrium po
tions. The symbols mark the positions where the force balanc
fulfilled for each particle.
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-
t

l
of
ng

The values for the charge components are given in Ta
II. The electric field slope is defined byẼ154.10
3106 V/m2. It was obtained from the potential drop betwe
the quasineutral plasma (Vplasma532.5 V! and the electrode
self-bias (Vbias5245.7 V!

E
xs

xmax
E~X!dX5Vplasma2Vbias . ~24!

Figure 6 shows the particle charge at the equilibrium p
sition as a function of particle radius. It can be easily o
served that the charge is not a linear function of the radi

Recently, in similar experiments, Ivlevet al. @10# have
studied experimentally nonlinear oscillations of micr
spheres. They determined the coefficients of nonlinea
from super-harmonic and subharmonic resonances tha
not occur under our experimental conditions. They attribu
the nonlinearity completely to the electric field, treating t
dust charge as constant. Applying this model to our data,
electric field componentsE1 ,E2 ,E3 were computed. The so
determined electric field is shown in Fig. 7. The curves sh
that the electric field is extremely nonlinear. Furthermo
the electric field computed for the 9.47mm and 12.07mm
becomes positive deeper in the sheath. This is in contra
tion with the statements of Lieberman model. Thus, a mo
of spatially constant dust charge is not in agreement with
experimental data.

Therefore in following step, a spatially variable charge
the particle and a nonlinear electric field were taken in
account. The electric charge on the grain surface is still c
sidered to be described by a third order polynomial wher
the electric field is considered to be parabolic.

s
-
is

TABLE II. Charge components in the ‘‘absolute coordinate sy
tem.’’

d ~mm! Q̃0 ~e! Q̃1 ~e/m! Q̃2 (e/m2) Q̃3 (e/m3)

9.47 1.103104 27.183106 4.423109 28.9231011

12.07 2.673104 21.983107 1.0631010 21.9331012

20.02 6.863104 22.643107 6.243109 26.3431011

FIG. 6. Particle charge at the equilibrium position.
3-6
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NONLINEAR RESONANCES OF PARTICLES IN A . . . PHYSICAL REVIEW E63 066403
E~X!5H 0, X<xs

Ẽ1~X2xs!1Ẽ2~X2xs!
2, X.xs .

~25!

Again the values forẼ1 andẼ2 have to satisfy the poten
tial drop condition according to Eq.~24!. The electric field
and floating potential for all three particle sizes are plotted
Fig. 8 for three representative sets of values for the elec
field componentsẼ1 and Ẽ2 . Ẽ1 is chosen as arbitrarily be
tween 0 and 43106 V/m2 and Ẽ2 is computed using Eq
~24!. For larger values ofE1 , E2 would become negative
resulting in an unphysical concave curvature of the elec
field. As it can be observed, the floating potential curv
corresponding to the largest particle are still shifted from
curves corresponding to the smaller particles, for each se

FIG. 7. Electric field components assuming a constant charg
the particle over the whole sheath. The symbols mark the posit
where the force balance is fulfilled for each particle.
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electric field components. Figure 8~c! with Ẽ154
3106 V/m2 nearly corresponds to the case of linear elec
field discussed above.

VI. DISCUSSION

All three curves representing the electric charge of
particles show the same general trend of the negative ch
to decrease with increasing depth in the plasma sheath.
is mainly due to the reduction of electron density in t
sheath that leads to a less effective charging of the par
@see Fig. 2~a! and Eq.~11!#. The experiments support thi
finding. The change of the asymmetry coefficientC2 can be
related to the change of slope of the floating potential cur
The weakening of the potential curves, as seen in the exp
mental resonance curves, can be traced back to a negativC3
and thus to the curvature of the floating potential curve,
found in the model.

A quite good mutual overlapping of floating potenti
curves was obtained for 9.47mm and 12.07mm, either as-
suming a linearly increasing or for a nonlinear electric fie
but, in both cases, the curve corresponding to the 20.02mm
particle is somewhat shifted.

This leaves some question marks on the capacitive ch
ing model assumed for the particle. According to Tomm
et al. @8#, the charge is not a simple linear function of th
particle radius, but has a more complicated, nonlinear dep
dence. This is the reason why we consider that the sim
capacitive model is not able to totally explain the chargi
process for all particle sizes and/or for all regions of t
plasma sheath.

The comparison with results of Ref.@8# shows a good
agreement for the light particles~9.47 and 12.07mm!, while
for the heavier particle (20.02mm!, the agreement is worse

of
ns
ath. The
FIG. 8. Electric field and floating potential, assuming a nonlinear charge of the particle and a parabolic electric field in the she
symbols mark the positions where the force balance is fulfilled for each particle.
3-7
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C. ZAFIU, A. MELZER, AND A. PIEL PHYSICAL REVIEW E63 066403
The main reason is that this model starts with different
sumptions~a constant charge of the particle over the wh
oscillation amplitude and another kind of oscillation studi
there, i.e. damped oscillations of dropped particles!.

On the other hand, another effect can influence the ch
ing of the particle. As it was shown in Sec. V, the heavi
particles float about 3 mm deep in the sheath. If we comp
this depth with the mean free path of ion-neutral collisio
computed at the experimental pressure and ion drift veloc
the values are quite close~the mean free path is about 3
mm!. Considering this, an altered ion current at the parti
position, due to the charge transfer and elastic collision
the sheath, is to be taken into account. This alters the io
current given in the OML model, leading to a less efficie
ion decharging of the particle and to a higher negative cha
on the dust grain than predicted by the OML model.

Another source of uncertainty is that the largest partic
are made of a different material than the smaller ones. S
at the microscopic scale, the way that charges stick to
polymer chains of the material is not known in detail, a d
ferent charging might occur for different materials.

VII. CONCLUSIONS

Here, experimental results on particle oscillations in a
pacitive rf plasma have been presented. Previous exp
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ments relied on a constant charge of the particle and a
early increasing electric field in the plasma sheath. Here
extended the model to a position dependent charge an
nonlinearly increasing electric field to explain the nonline
resonances by introducing higher order terms into the g
eral equation of motion. The nonlinear resonances have b
attributed to an anharmonic potential energy well with u
down asymmetry and weakening at higher oscillation am
tudes.

The charging function components corresponding to o
set of experimental conditions were computed, for three
ferent particle sizes, putting the charging model in agreem
with the experimental data.

Both linearly increasing and nonlinear electric fields we
taken into account for computing the charge components
the floating potential. Thus it was demonstrated that
simple capacitance model cannot explain the charging
havior of all three particles. Overall good agreement with
experimental data and with the theoretical model of
plasma sheath is found for the linearly increasing elec
field.
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