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Self-excited vertical oscillations in an rf-discharge dusty plasma

PHYSICAL REVIEW E, VOLUME 64, 02540@QR)

A. A. Samariar¥, B. W. James, S. V. VladimiroV,and N. F. Cramer
School of Physics, The University of Sydney, Sydney, New South Wales 2006, Australia
(Received 1 March 2001; published 26 July 2p01

A self-excited vertical oscillation of dust grains in the sheath region of an rf-discharge plasma has been
observed. The variation of amplitude with pressure and input power was measured. Dramatic increase of
oscillation amplitude was found for pressures below 4.5 Pa. Possible excitation mechanisms are considered.
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Dusty plasmas are plasmas that contain small particleslly, with respect to the electrodes. The typical plasma pa-
ranging in size from nanometers to micrometers. Usually theéameters measured in our experiments age-0.8—10
dust particles achieve electrostatic equilibrium with respect<10®° cm™3, T.~2 eV, and plasma potential vV,
to the plasma by acquiring negative charge. This charge is-40—80 V with respect to the grounded electrode.
extremely large compared to the ionic charge. In addition, In these experiments, 2t40.1 um diameter carboriC)
the particle charge is not fixed but is coupled self-particles have been used. After the dust particles are dis-
consistently to the surrounding plasma parameters. For thigersed into the plasma, they acquire sufficient charge for the
reason, new instabilities can develop in a dusty plasma, leaddlectric force(due to the sheath electric figltb compensate
ing to different wave modes and oscillations. An enhancedh€ gravitational force and the dust particles stay in equilib-
level of dust particle oscillation has been reported in manyUm vertical positions. In the radial direction, the particles

experiments on dusty plasmés—6]. The most interesting USually become trapped within the radius of the ring elec-
trode. The dust particles suspended in the plasma are illumi-

charge, interparticle coupling parameters, €fc8]. Usually

the vertical oscillations are excited by means of a wire lo-
cated near the particles and driven by a sinusoidal voltag
source[9-11]. Laser-excited vertical oscillations have also

corder (focal length: 5-50 mm The camcorder was oper-
gted at 25 to 100 frames/s. The video signals are stored on a
videotape recorder or are transferred to a computer via a

been reported12]. In other experiments, vertical dust den- Tame-grabber card with an eight-bit gray scale and 640
sity fluctuations[4,5,13 or individual particle oscillations X 480-pixel resolution. The coordinates of the particles were

[3] were spontaneously excited. It should be mentioned thdeasured in each frame, and individual particles were traced

all previously observed self-excited oscillations were in dc-TomM one frame to the next.

discharges of-machine dusty plasmas. We present here an A one-layer structure has been investigated in the experi-
experimental observation of self-excited vertical oscillationMent: It was found that when the pressure was decreased

of dust particles trapped in the sheath region of an rfoelow a critical value, the dust particles began to oscillate

discharge plasma. As the pressure was reduced the oscill§Pontaneously in the vertical direction. Figure 2 shows typi-

tion amplitude was found to increase dramatically starting af@! images of the vertical oscillations at different pressures.
a relatively high pressure of about 4.5 Pa. The amplitude and frequency of the oscillations are several

The experiments were carried out in a 40-cm inner diamMillimeters and greater than 10 Hz, respectively. When the rf
eter cylindrical stainless steel vacuum vessel with manylPut Power was decreased, the oscillation amplitude was
ports for diagnostic access. The chamber height is 30 cm. Wound to increase. Figure 3 shows the dependence of the
use a disk as the powered electrode and a ring as tHescillation amplitude on gas pressure angl rf power. For pres-
grounded electrodésee Fig. 1 The diameters of the elec- SU'€S below 4.5 Pa the oscillation amplitude increased dra-

trodes are 10 cm for the disk and 11.5 cm for the ring. Thenatically. This increase is greater for lower rf powers.
ring is centred on the axis of system and the distance be- FOr If powers of more than 80 W the effect was not ob-

tween the electrodes is 30 mm. Argon plasmas are generated

at pressures in the range 0.5-20 Pa by applying a 15 MHz Ring
signal to the disk electrode. A compensated single Langmuir Top view electrode
probe is used to make measurements of the plasma param- \
eters. The probe position can be moved vertically and radi- Dustclo\ud

Dust particles in mesh
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FIG. 2. Side view of a self-excited vertical oscillation of dust £ 9
particles. Input poweP =35 W, pressurda) —2.9 Pa,(b) —4.0 8
Pa. g
g' 0.2 1
served. In this case, when the pressure was decreased the<
were similarly increasing amplitudes of both horizontal and
vertical oscillations. This is consistent with the well-known 0
fact that when the power is increased or the pressure is re 0
duced in a dust plasma system a melting transition from
. . . Pressure [Pa]
ordered to fluid states can be induddd —16. However, in

previous works, authors have reported increases of horizontal gig. 4. Dependence of oscillation amplitude in théa) andx
oscillations only and increased vertical migration of par-(p) directions. For comparison, the dependence of oscillation am-
ticles. In contrast we observe a dramatic growth of the ampiitude in thez direction for input power 65 W is also plotted ih).
plitude of vertical oscillations of the dust relative to horizon- The inset in(a) is enlarged part of the 4—5 Pa region.

tal oscillations. Figure 4 shows the dust particle oscillation

amplitude in the verticalz) and horizontalx) directions as a The frequency and amplitude of oscillations are indepen-

function of pressure. In this figure we can see also that fofjgnt of the number of particles while we have a monolayer
high pressures the oscillation amplitude in theirection at g cture, which in our experiment corresponds to a structure
low powers is less than at higher powers; as the pressure Sonsisting of a few to a few tens of particles. When the
reduced, however, the lower power amplitude exceeds thgmper of particles in the structure reaches hundreds the dust
higher power amplitude. For oscillation in thedirection,  haricles form several layers where the self-excited oscilla-
the amplitude grows proportionally with power. tions are also observed. However, their nature is more com-
plicated and requires additional study.

To excite oscillations the energy input must be sufficient
to overcome the gradual damping by friction. One possible
way for a particle to gain energy is the delayed charge effect,
proposed in Ref[3]. The energy gain for the one oscillation
cycle can be estimated #%y,,,=AQ4EL, whereE andL are
respectively the electrostatic field at the equilibrium height
and oscillation amplitude, andQy is the difference in the
charge for a particle moving up, compared to a particle mov-
ing down. This difference can be written in the forvQ
=AQ3%exp(—ven/wg) Wherewy is the frequency of the dust
oscillation, v¢y, is the steady-state dust charging frequency,
andAQg is the difference of the equilibrium charge in the
extreme points of oscillations. The energy losses, which pri-
marily occur due to friction with gas molecules, can be esti-
mated asW,se= 7T 30 gMv o PaL/k T, , wherery anduv4 are
respectively the radius and velosity of the dust particlgs,
andm,, are respectively the thermal velocity and mass of the

FIG. 3. Variation of the vertical oscillation amplitudenm) as ~ gas molecules, an®, and T,, are respectively the pressure
the function of the rf power and the pressure. and temperature of the neutral gas.

Amplitude [mm]
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-6 =0 where Imw is the damping rate, the prime denotes the de-
—— rivative at the equilibrium poinz=z,,. We note that the
. 10 § instability develops when Im>0, and, correspondingly,
@‘ % Wyain™>W,qss. FOr the stochastic charge variation
= 202
& © . QEy |” w}
£ ‘3 _:ﬂ_ o ’ ! (3)
5 50 8 2 (QqE)o] 2Ven
40 whereI", is the energy damping rate, amdis the dimen-
sionless dispersion of the charge distributid@i]. Taking
22 4.4 6.6 8.8 1.0 into account the values adfQ4/Qy~0.1 andAE/E~0.2,
Distance [mm] we obtain that the second term in the right-hand side of Eq.

o (2) is about 2<10°2 s~ 1. This means that we should expect
FIG. 5. Dependence of the electrostatic filddashed cuve e jnstability when the pressure is less than 0.01 Pa. A simi-
and the equilibrium dust charg®@y (solid curve on the distance lar analysis of Eq(3) for o=0.1 gives the pressure threshold
from the electrode. for stochastic fluctuation as 5 mPa.

We can obtain the velocity of the dust particles and theCOL\]/xf t?]aeniocr:) gsr’;jge;;:; net force in E) taking into ac
oscillation amplitude from analysis of the images. To esti-
mate the values dE andQy we use the model described by Fi=ma’mnivi(x1+x2), (4)
Vladimirov and Cramef17]. Based on data obtained from
probe measuremenfT{=1.8 eV,n,=1.4x10° cm 3) we wherem; is the ion mass); is the number density of positive
use the model to calculate the spatial dependenciésasfd  ions, v is the velocity of ions in the sheatly, and x, are
Qq (see Fig. % for a pressure of 4 Pa and an electrode po-given by
tential of —10 V. The results indicate that at the levitation
point E=3.5 V/cm, Qy=435C, andAQ5%=0.1Q4 for the 2Qqe
oscillation amplitudeL=1 mm. We also use the technique x1=1-

. 2 !
proposed in Refg[18,19 to calculateE and Q4, obtained Mivsa

valuesE=2.5 V/cm andQ4=720C close to those obtained 2
from the model. (Ap/a)2+ Qqe )
For our experimental condition(Ar, P=4 Pa, T, Qqe 2 mivga
=300 K, r,=1 um, L=1 mm, E=3 V/cm, andAQy X2=2 >—| In 2 )
=0.1Q,) we obtain that energy lossesWg,.c~10 8 J. In mivsa 1— Qqe
our case the oscillation frequencydg/27~14—16 Hz, the mivga

charging frequency.,~10° s~ . This means that the above

rough estimate gives us that only negligible portion of en-The resulting equation can be analyzed numerically. How-

ergy (less than 10%° J) can be gained. ever, some analytical results can be derived in several limit-
For a more detailed analysis of this delayed chargingng cases for the ion drag force. If we consider only the orbit

mechanism we should consider the equation of vertical moforce contribution toFi=Trezni(z)Qﬁ(z,t)/mivﬁ [17], the

tion for a single particle damping rate is given by
" dZZ - dz - L Im ﬁ QéEO‘F ZﬂesznioQé/mUiz (1)% (6)
— + —=F,, w=06— ; ; .
dge Mg W (QuE)f— 2meQq(nQe)glmu? | 2¥en

For F, including only the collection force, F;

_ 2 112 ; ;
where B=(4Prg/3My)(27m,/T,)™ is the damping rate =2wa2mini(z)v§(z), the damping rate is

due to neutral gas frictiof20], M4 is the mass of the dust

particle andF, is the net force acting on the particles. Ivlev 'E 2
et al.[21] presented a model of dust particle vertical oscilla- Imw=8- QqEo Yo _ @
tion taking into account for the net force only electrostatic (QdE)(’)—Zwazm(vizni){) 2veh

Fe=Q4E and gravityF;=Mgyg forces. They suggested that

the threshold for the instability due to the charging delay inFor both cases the pressure threshold is less than O#iPa

the case of the regular charge variation and the stochasturposes of estimation we use the valdas /n;~0.2 and

charge fluctuations can be evaluated as: for the regulakv;/v;~0.35 obtained using the model in REL7]), in dis-

charge variation agreement with the experimental results. A similar value for
the pressure threshold was obtained if we use the model con-

QLE, | w? sidered by Fortowet al. [13] for instability due to charge
Imw=8~- 7, (2)  variations in the presence of external charge-dependent
(QgE)o|4Veh forces together with the ion drift effect.
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To summarize, a self-excited vertical oscillation of dustbased on instability of the layer of charged particles as a
grains in the sheath region of an rf-discharge plasma hagrtual wall (resonator [23]. Both approaches consider the
been observed. The amplitude dependence on pressure afidst-plasma layer as a dissipative struct(static in Ref.
input power was measured. Possible excitation mechanismig2]: and dynamic in Ref{23]) and suggest a new kind of
were considered, and all of them gave the pressure threshol§stability in dust plasma systems, which is a self-

no greater than 0.4 Pa. However, we observe oscillations fo(;onfmement instability.

larger values of pressure up to 5 Pa. This suggests a different This work was supported by Australian Research Council.
excitation mechanism. Two mechanisms are proposed by thehe authors would like to thank Mr. John Pigott and Mr. A.
authors for future consideration. The first is based on th&es for assistance in constructing the experimental installa-
spatial variation of grain chargg®2] and the second is tion.
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