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Self-organized waves in annular rf weakly magnetized dusty plasmas
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Self-organized waves and the associated dust particle motion are studied experimentally in a low-pressure
annular rf weakly magnetized dusty discharge system. Low-frequency drift waves with strong modulation on
plasma density and dark spasheath width, traveling azimuthally with mode number=1, are self-excited.
Periodn and quasiperiodic states are also observed at higher rf power. Dust particles in the liquid state show
collective elliptical cyclic motion in the low-frequency ionization-drift wave but respond only weakly to waves
with frequencies above 50 Hz. When dust is added to a dust-free magnetized discharge in which there exists an
ionization drift wave at 20 KHz, the wave amplitude is reduced and the frequency is down shifted.

PACS numbes): 52.40.Hf, 52.35.Kt, 82.40.Bj

Dusty plasmas widely exist in various places from astro-waves with tens to hundreds of KHz frequency, and the tran-
plasma to laboratory plasma systeffis?]. Typically, a sus- sition from order to spatiotemporal chaos, have been ob-
pended micrometer dust particle in the background gaseowgerved experimentally in a cylindrical symmetric weakly
plasma with a few eV electron temperature can be chargefhagnetized dust-free discharfs].
up to 1 electrons. In addition to the strong dust-dust Cou- The addition of dust particles to the above discharge sys-
lomb coupling which leads to interesting dust Coulomb crysf€ms introduces new degrees of freedom. For example,
tals exihibiting ordering at the microscopic sci-5], the through charge exchange and Coulomb interaction with the

massive dust particles are also strongly coupled with th®ackground plasmg7,9], the motion of dust particles can

background plasma through Coulomb interaction and dusiffect the local electron density, and in turn the shedtk

charging processes. It modifies the macroscopic high§pacé width and the space charge field8,19. It further

frequency plasma waves which exist in dust-free pIasmanfeCtS dust motions. Low-frequency waves with time scale

[6], and generates new low-frequency dusty waves aSSOCﬁ:_ontrolled by the large inertia of dust particles can be self-

ated with slow collective dust motidir—10]. In the past few organized, if a proper feedback phase can be maintained.

years, waves in dusty plasma systems have been widely stu@lthough the high-frequencykHz) drift waves cause little

ied theoretically[6—10], but much less well studied experi- collective dust motion due to the large dust mass, the dust

mentally for the weakly ionized laboratory systems whereCharging and Coulomb interaction can still modify the high-

the unfrozen ionization process and the inhomogeneit)];requency que throug'h the mod|f|c§1t|on of dielectric prop-
rties [6]. It is found in our experiment that new low-

caused by the system boundary play important roles. In thi SR .
y y y piay Imp requency(a few to a few tens of Hzionization-drift waves

work, using a steady state low pressure annular rf glow dis- ated with dust particl i i ited. Dust
charge system, we investigate the self-organized waves ov&pSociated with dust particle motions are sefi-excited. Dus

a broad frequency ranga few Hz to tens of KHgand the Side View lass Window
associated microscopic dust particle motion. ;’

The weakly ionized discharge system is a nonlinear open-
dissipative system. It exhibits many universal nonlinear be-
haviors[11] such as self-organized wavgk2,13 and local-
ized structured 14,15 with strong variation in ionization S Powst
degree. A steady state discharge can be maintained under the "system ﬁ
balance between the electron-ion pair generation through
ionization, and the loss through recombination in the plasma
or on the chamber wall12,16. The ionization rate domi-
nated by the electron impact excitation increases with local
electron density and temperature. The ionization process is
similar to reactions in chemical systerfil]. It provides a R%};gvn
source for electron-ion generation and enhances plasma den-
sity fluctuations. The coupling between the ionization pro-
cess and different types of transports, such as diffusion and
drift-type transport induced by the space charge field, the Transmission
spatial inhomogeneity around the boundary, and magnetic
field, leads to the dissipative ionization or ionization-drift-
type waves associated with ion density fluctuatiphg]. In
our previous studies, the self-organized ionization-drift FIG. 1. The sketch of the system setup.
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FIG. 2. (a) The sequential snapshots in one period of the 3.4-Hz self-organized traveling wave at 11 W ar(teBsx@umn), and
magnified pictures with the associated particle motigight column at the laser illuminated point indicated by the arrow. The CCD camera
is mounted on the top of the chamber. The exposure time is 20 msec for each frame. The bright circles in the left column indicate the edges
of the two electrodegb) The spacdtoroidal anglg-time plot of the plasma emission intensity along a counterclockwise toroidal circle with
r=42 mm.(c) The temporal evolutions and power spectra of the plasma emission and scattered laser light from a point measurement.

particles show collective elliptical cyclic motion in low- support large electron density gradient and a strong rf-
frequency waves, but have weak response to waves with frénduced dc electric field70 V/cm) outward from the po-
guency beyond 50 Hz. Changing the control prameter catoidal center. SiQ particles(20—80 wm diameter are gen-
tune the system to the periodand quasiperiodic states. For erated through gas-phase reaction betweena®d SiH,
the high-frequency ionization-drift wau@0 KHz) which ex-  gases and confined in the annular Ar glg8j. A 10-mW
ist in dust-free discharges, the wave amplitude is reduced arnde-Ne laser with 2.5 mm expanded beam size is used to
the frequency is down shifted when dust particles are addedluminate the dust particles. The intensity of the 15° for-
The experiment is conducted in an annular radio-ward scattered light, which is proportional to the local dust
frequency(rf) weakly ionized dusty discharge. It consists of density, and the plasma emission intensity which is propor-
a hollow outer electrode with 9-cm inner diameter and cational to the local electron density, are simultaneously mea-
pacitively coupled to a 14-MHz rf power system, and asured. For the low-frequency waves<{10 Hz), the global
grounded center electrode with 5-cm diameter. Figure Jmission distribution and the microscopic particle motions
shows the sketch of the system. With low press(88 can be further monitored by the charge-coupled device
mTorr) Ar gas and a uniform axial magnetic fieldB( (CCD) camera mounted on the top of the chamber, and an-
<100 G), the steady state weakly ionized discharge can bether optical microscope/CCD system, respectively, with 30
divided into the annular glow region withng~3 Hz frame rate.
x 10 c¢m™3 and the surrounding dark spadebeath adja- A self-organized low-frequenc{b Hz) standing wave as-
cent to the electrodes. The latter are about 5 mm thick andociated with dust particle motion is obser@dt shown at
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electric field in the region between the brighter and dimmer
glows. The varying electric fields associated with the travel-
ing wave consequently induce horizontal and vertical cyclic
collective particle motion. For example, the particles mainly
travel horizontally in the first and last pictures of FigaR
but vertically in the rest pictures. There is a finite phase lag
caused by the inertia of the massive dust particles. The ob-
served particles (8Qum diametey in Fig. 2(a) are located
near the dark spaces in front of the bottom and the vertical
surfaces of the inner electrode. They are hardly observed
while moving upward out of the illuminated regi¢see the
center images in Fig.(3)], when the dark space near the
bottom electrode surface becomes wider. The particle motion
induced by the varying electric field in the dark spaces can
also be evidenced by the point measurement of the scattered
laser light(the dust has a nonuniform radial density distribu-
FIG. 3. The emission intensity contours of a typical snapshotstiorl)' The OSCi".ation of th.e §Cat-tered !ight inj[en.sity is about
image of the traveling wave. The concentric thick circles indicate90 phase lag "f‘ the emlss!on |ntenS|.ty OSC'"at'On',
the edges of the inner and outer electrodes. The intensity level The dust particles gain high collective ener@g high as

differences between two adjacent contour lines are the same from A-Z MeV.fOV a dUS_t pa_rticDefrom the partilcle-wa've' intgrac-
to E. tion. A simple estimation of 10-V potential variation in the

dark spaces gives the result of about>41@° electrons per
dust particle. Consequently, 4.9-Hz dust plasma frequency
, ; , under 18-cm™2 dust density and 5410 1%-Kg dust mass
handed with respect to the upweBdield) traveling wave at  can pe obtained. This is higher than the 3.4-Hz wave fre-
11 W. The left column of Fig. @ shows the sequential q,ency. Therefore the dusts can response to the wave mo-
snapshot images of the plasma emission taken by the CClyn. The highest particle velocity is about 5 cm/sec but the
camera in one cycle of the 3.4-Hz long wavelengtiode  wave velocity is about 70 cm/sec. Namely, the weak azi-
numberm=1) traveling wave. The bright horizontal line muthal electric field associated with the traveling wave can-
with varying intensity corresponds to the scattered laser lighhot drive particles to the wave velocity and trap particles. It
under the variation of dust density along the laser path. Thenly modulates particle motion. The particles are in the lig-
right column shows the magnified pictures with corresponduid state with short range correlation and low random en-
ing particle trajectories illuminated by the laser light at theergy.
position indicated by the arrow. Figuré2 shows the spa- Besides the spontaneous breaking of the rotational sym-
tiotemporal evolution of the emission intensity taken along ametry for generating the standing and traveling waves, this
toroidal circle with radius =42 mm. The time evolutions highly complicated system also exhibits some other universal
and the power spectra of the intensities of the emission andehaviors of the typical nonlinear extended systghi$ For
the scattered light from the point measurement are shown iaxample, slightly increasing rf power makes the low-
Fig. 2(c). frequency mode bifurcate to periedtupling modes. Figure
The discharge has a rotational symmetry before the onséi(a) shows the behaviors of the plasma emission and the
of the wave. The glow region floats positively with respect toscattered laser light of a typical period-5 mode at 11.1-W rf
the surrounding wall due to the larger electron loss than iongpower and 65 G. Another quasiperiodic route to chaos is
Increasing rf power can increase electron density and ddeund while rf power increases &=54 G. The power
crease the dark space width. The negatively charged duspectrum in Fig. &) shows the nonlinear coupling between
particles are confined in the annular glow region by the surthe high(46 Hz) and the low(6 Hz) frequency bands at 35 W
rounding dark space which supports a strong outward eleand 54 G. Note that, unlike the case of the low-frequency
tric field. The outward ion flow pushes the particles with period-5 mode, the scattered light signal is more chaotic than
larger diameter closer to the glow-dark space boundary. Thelectron density fluctuations under the 46-Hz oscillation.
onset of the 3.4-Hz low-frequency traveling wave modulateDust particles are too heavy to respond to the high-frequency
the annular glow and the surrounding dark spaces. Figure @scillation. They participate in the low-frequencg Hz)
shows the snapshot of the emission intensity contour of anode which is also nonlinearly coupled with the high-
typical wave image. The intensity is roughly proportional to frequency mode. Its chaotic spectrum has a large continuous
the electron density. It changes drastically in the dark spackw-frequency noise background.
region. The dimmeKnarrowej glow region(the 5 o’clock The system also supports self-organized KHz fluctuations
region in Fig. 3 is accompanied by the wider dark spaces.in which particles show no collective motions. The high-
Because of the lower outward ion flow, dust particles argrequency ionization-drift wave observed in other similar cy-
moved inward(poloidally) while the dimmer region comes lindrical dust-free magnetodischarge systgii] can be re-
by. The brighter glow region also floats more positively with covered at higher rf power and higher magnetic field. Figure
respect to the dimmer glow region due to the higher spac&(a) shows the temporal evolution of the point measurement
charge. Namely, the space charge field points out roughlgf the plasma emission intensity and its power spectrum at
normal to the glow intensity contour. There is an azimuthalll W and 72 G of a 20-KHz ionization-drift wave before

10 W rf power and 65 G. It bifurcates to a clockwideft
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. plasma density, potential, and dark space width. It forms a
FIG. 4. The temporal evolutions and power spectra of thef dback ch  th h the dust charai d elect
plasma emission and scattered laser light of(feeriod 5 at 11.1 eedback channel throug € dust charging and electron re-

W and 65 G, and théb) quasiperiodic modes at 35 W and 54 G, pelling processe$9,18]. For example, the overshooting of
the dust particles into the dark space region due to the ex-

pansion of the glow region can sink or expel electrons, and
decrease the local ionization rate. It causes the expansion of
the dark spacéshrinking of the glow width with a weaker

respectively.

adding dust. The addition of dust particles increases th
threshold rf power for generating this mode. Figurds)s outward ion flow, and drives the dust particles backward.

shows that increasing rf power to 20 W cannot even fu”yThe lasma fluctuation resonating with the cyclic dust mo-
recover the oscillation amplitude. The frequency is also,[ion cF:)an be spontaneously sust 31 d. The t )r/n ral le of
down shifted to 16 KHz. The dust particles remain in the P y ained. the temporal scale o

liquid state and their motions are not affected by the wave (_)scillation and the feedback phase is determined by the slow

Dust particles mainly drain electrons and idneducing the dust dyna_mlcs. Note th_at our waves are dlffer_ent from the
ionization degrek and change the plasma distribution. They COmMPressional dust lattice wave externally excited by an ac
modify the dielectric response and make the system morglectric field for a cyrstal statg20], the highly nonlinear
dissipative. great void and filamentary modesn a magnetic field-free
Basically, this system is an open-dissipative systenflusty-plasma systeii21], and the short wavelength mode
driven by strong radial inhomogeneity and the external rf(<1 cm) in a revised dust® machine[22].
power source. The ionization degree is less than 1% and is In conclusion, self-organized waves and the associated
not frozen. The low-frequency instability is a consequence oparticle motion are observed in our weakly ionized and
the interplay between the ionization-drift wave and the cyclicweakly magnetized dusty discharge. Dust particles are con-
oscillation of dust particles in the liquid state. In the wavefined in the annular glow by the surrounding dark spaces.
mode, the diffusion and drift processes can change theow-frequency ionization-drift instabilities are strongly
plasma density. The azimuthal rf power distribution is alsocoupled with the varying electric fields in dark spaces and
spontaneously modulated due to the modulation of the locahe induced cyclic elliptical dust particle motion. The oscil-
electron density which changes the local impedence and, ilation amplitude of the dust motion drastically decreases
turn, the plasma density through ionization. It forms a non-with a frequency above a few tens of Hz. Their motions are
uniform energy source to compensate the dissipation prdrozen at tens of KHz. Dust particles drain electrons, modify
cesses. The brighter glow region with a higher electron dendielectric properties, and attenuate the drift-type high-
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frequency waves. From the nonlinear dynamics point ofsystem, the universal dynamical behaviors are still followed
view, the generation of self-organized standing and travelings in many other different extended chemical systems.

waves through the spontaneous breaking of the rotational Thjs work is supported by the National Science Council

symmetry, and the observation of the perio@nd the qua-  of the Republic of China under Contract No. NSC-89-2112-
siperiodic states manifest that, for such a complicatedvi008-002.
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