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The interaction of stationary and moving objects with dusty plasmas
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The interaction of an electrically floating metal object with a dusty plasma formed in a dc discharge
was investigated experimentally. Three cases were studied in Wditie object was at rest in the
dusty plasma, or was moved through the dusty plasma with a speed that wagteithethe order

of the dust-acoustic speed @ much faster than the dust-acoustic speed. When the object was at
rest, a dust-free cavity with a boundary with a sharp dust density gradient was formed around the
object. The size of the cavity was largely determined by shielding of the object by the plasma ions.
A similar (although dynamicbehavior was observed in the moderate speed (case b. When the

object was moved very rapidlgase ¢ the dust grains did not have time to respond, and the object
mechanically removed the grains, leaving behind a narrow channel which quickly filled in.
© 1999 American Institute of Physid$1070-664X99)03805-7

I. INTRODUCTION our previous work on dusty plasmas in a dc discharge, with

During the last few years several aspects of dusty plas"21 plasma density in the 1010° cm ° range, an electron
mas have been investigated, such as the charging of du mperatureTe~2-3 eV, and an ion temperature close to
grains by collection of plasma ions and electrbAghe ef- that of th_e neutr_al ga§*~0'92_0'03 ev. . .
fects of dust on various plasma waves and instabiltits Dust is prowfjed to the discharge by shapmg the _aluml-
very-low-frequency mode known as the dust-acofitic num anod€D/A) in the form of a shallow cup which is filled

wave, and the nature of strongly coupled plasmas and dug\{lth du;t—embedded steel wool held in place by thin stainless
crystals® steel wires. The steel wool faces the plasma column and the

Recently we have considered one more aspect of thg.USt consists of grains of aluminum oxide @} ranging in

behavior of dusty plasmas, namely the interaction of Sucﬁlze[;‘rortrwo..OS to'~1t,Lémf. th q h d
plasmas with a metallic object which is either at rest in the ust grains €jected Irom ne anoge were charged up

plasma or moving through it at various speeds. The preseﬁ}egat'vely by the plasméP) and were levitated within a

paper describes our experiments. The results we have o )aln?rlcal godublte Ilayt(ajr_that f°”'_‘5 ?dljaCZ%m,;(;) thel anode(.j
tained shed some light on the mechanisms through which th € trapped cust cloud s approximately ~U—3% cm fong an

plasma is shielded from the potential of the metallic body. Ah?ls a Fr?nsvet_rse S?tzr?tr?f gbotut :I% cm. 'I_'h(_a “obtj_e(:?)a
study of the effect of a biased probe on the properties of/NOse Interaction wi € dusty plasr@) is investigated,

plasma crystals, in particular, probe-induced particle circula!S @n electrically floating tungsten wire of 1.6 mm diameter

tion, has also been performédn Sec. Il of the paper we that can _be man_uaIIy swept. thr_ough the p!asma. This is easily
describe the experimental arrangement, in Sec. Il we de@ccompllshed since the wire is mechanically attached to a
scribe the experimental results, and Sec. IV contains a gig0d. parallel to th? axis of the vacuum vessel and 'Iocated
cussion of these results. several cm qff axis, which can be turned from outside the
vessel at various angular speeds.

The region of the dusty plasma through which the “ob-
ject” moves is monitored by a video camghéC) at a rate of

The experimental setup is shown schematically in Fig. 130 frames/sec. The relative positions of camera and “ob-
A discharge plasma is produced in nitrogen gas at a pressuject” are shown in Fig. 1.
of 25—-30 mTorr, in a stainless steel vacuum ve&sm long
and 30 cm in d!ameter. The ves.sel is surrounded by a §et qﬁ_ EXPERIMENTAL RESULTS
ten magnet coilg§not shown which can produce an axial
magnetic field of magnitude up to 0.6 T and spatial unifor-  The results of our observations can be conveniently di-
mity of ~1%. For the experiments described here only avided into three groups, namelya) those for which the
modest magnetic field of 100 G was applied to provide soméungsten wire(the “object”) was at rest within the dusty
radial confinement of the plasma. The discharge is mainplasma,(b) those for which it was moving at “moderate”
tained between a hot spiral cathod€C) 5 cm in diameter, speed and, finally(c) those for which it was moving at
located at one end of the vacuum vessetl alb cmdiameter  “high” speed. The terms “moderate” and “high” indicate
anode(D/A) biased at+300 V located at the opposite end. how the speed of the object compares with the dust acoustic
Typically the discharge current was5 mA. speed in our plasmap,, wWhich is typically in the range

The values of the various plasma parameters in this ext0—15 cm/sec(Dust acoustic waves are often present in the
periment are expected to be very similar to those obtained idusty plasma and their speed can be easily measured by ana-

Il. EXPERIMENTAL SETUP
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D/A D

K f 4 FIG. 1. Schematic of the experimental
/ AN setup. D/A—dust dispenser/anode,
// / FC—filament  cathode, @ D—dust,
/ 0] P—plasma, O—object, and VC—
———7) video camera.
/ p

FC

\VC

lyzing successive video framgShus, a “moderate” speed A. “Object” at rest

was, generally, one of some 6—8 cm/sec, while a “high” The result of placing a stationary electrically floatin
speed was on the order of 30—50 cm/sec. The division into, . P 9 i W . y .g
IPJect in the dusty plasma is shown in Fig. 2. A nearly cir-

moderate and high speed results is reasonable, since the du? . ) Lo
acoustic speed is a natural speed in a dusty plasma. cular region of~12 mm diameter centered on the “object

FIG. 2. Single frame video image of the “object” at rest in the dusty plasma.
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FIG. 3. Sequence of single frame video imag§1§ ¢ec intervals of the “object” moving at a “moderate” speed through the dusty plasma.

appears to be devoid of dust grains. Furthermore, the edge direction of motion of the “object” and assumes a tear-drop
this region is rather sharply defined, the transition from dusshape. The cavity appears to refill over several consecutive
to no dust occurring over a distance ofL mm or less, as single frame images. This process of refilling can be ana-
determined from a video image intensity profile takenlyzed by plotting the distance between the two edges of the
through the midplane of the dust-free cavity. evolving drop versus the frame numberee Fig. 4 The
edges approach each other at a speed-@®fcm/sec. Thus,
each edge moves inward at a speed~& cm/sec, smaller

than the dust-acoustic speed.
Figure 3 consists of a series of pictures of the dust cloud

and of the “object,” which is moving at a speed of8
cm/sec. The time interval between successive frame is
sec. As the “object” moves upward through the cloud one A sequence of frames for the “high” speed situation is
notices the development of a cavity similar in size to thatshown in Fig. 5. Each frame is separated from the successive
observed Sec. Il A*“object” at rest), but no longer of a one by sec. The “object” is moving here from bottom to
circular shape. Rather, the dust-free cavity is elongated in thiop at a speed of-40 cm/sec.

B. “Object” moving at “moderate” speed

C. "Object” moving at “high” speed

Downloaded 11 Jun 2001 to 128.255.32.146. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



1424 Phys. Plasmas, Vol. 6, No. 5, May 1999 Thompson, D’Angelo, and Merlino

] ] ~1-5 V/cm. Thus balancing the gravitational forg, on a
2 - ] (spherical dust grain of radiusa and density p (fg
i i =4ma3pg/3) with the electrical forcdz=QE on the grain
15k ] of chargeQ, computed from the relatio@ =4megaV, with
E e V¢ ~4kT./e, provides an upper limit ta of 1-2 um.
o ] A better way of estimating the grain size is by making
\></ 11 ] use of the measured value of the dust-acoustic spégd,
< [ ] ~10 cm/sec in our plasma, and of the dispersion relation for
[ dust-acoustic waves
05 : 1 de ) 1/2
3 i CDA% (m—ds , (1)
0 TP T EATRI SR R
0 2 4 6 8 10 wheremy is the mass of the graingZ=Q is their charge,
. ande =ngy/n is the ratio between the dust grain density and
Time Step (1/30 S) the plasma density. The quantigy (the fraction of negative
FIG. 4. Separation of the two edges of the evolving “tear drg¢gHown in charge on the dust grains typically5 in the range of 0.3
Fig. 3 versus time. 0.9; thuseZ~1, and the relation above can also be written as
de 1/2
Cpa~ <_ , 2
Two main features of the object-dust interaction are eas- My

ily noticed. First, as the “object” approaches the dust cloud,which, sinceZxa, andmy=a®, provides a value foa. We

the cloud boundary is deformed. The appearance of the clougbtain a~0.5 um. It then follows theZ~3000, my~1

is that of some kind of plastic bag filled with marbles, which x 10715 kg, ande~1/Z~3.3x10"*. The dust densityny

is hit by a high-speed stick. Second, there is no longer a=¢n is then~7x10° cm 3, while the intergrain distance
circular or tear-drop dust-free cavity as in Sec. IllA or B; d~(n4) ~*3~0.05 cm, comparable to the plasma Debye
rather, only a very narrow track is left by the mechanicallength. Another quantity of interest is the dust plasma fre-
removal of dust by the moving object, the thickness of thequency
track being about the same as the diameter of the “object.” -
As will be discussed in Sec. IV, this is probably a conse- _ [ ngeZ
guence of the fact that the “object” crosses the cloud in a pd_(

time short compared to the cloud reaction time.

12

: ()

goMy

which, with the values ohy, Z and my derived above, is
~380 secl. The dust plasma periodl ,y= 27/ wpq=0.02

IV. DISCUSSION OF THE EXPERIMENTAL RESULTS sec.
Some of the dusty plasma parameters are relatively well ~ Finally, we estimate the dust Debye length, given by
known, while others can be derived in a more indirect way KT | Y2
. oKk 14
from the observations and are, therefore, somewhat less cer- \4= = 4
tain. The densityn, of the plasma is obtained by using the nge“Z

relation | gnoge~€AMven, Where A is the anode area and f T, is the same as the temperature of the neutral gas and of
vetn iS the electron thermal speed. With=28 cnf and  the positive ions, we havey~5x 10~ cm, nearly two or-
ve,in=5% 10" cm/sec(corresponding to an electron tempera- ders of magnitude smaller than the plasma Debye length,

ture Te=~2 eV) we obtainn~2x10" cm™>. This together Taple | summarizes the above discussion of the various
with aT,~2 eV and an ion temperatufie, ~0.02—0.03 eV plasma/dust parameters.

results in a plasma Debye lengi},~0.03 cm. An important Next we turn to a discussion of the results obtained in
parameter of the dust gl’ainS is their size WhiCh, in pal’t, dethe three cases of Sec. |||A, “object” at rest, Sec. |lIIB
termines their Charge and mass. The aluminum oxide dUSbbject” moving at “moderate” Speed and Sec. IlI C “ob-
loaded into the anode has grains ranging in size fre@05  ject” moving at “high” speed.

to ~1 um. There is no assurance, however, that this same

range of sizes will be present within the dust clouds of ourA Obiect at rest
experiments, where the size distribution will be affected, - )

among other things, by the not-well-understood mechanism When the stationary object is placed in the dusty plasma
of dust injection from the steel wool of the anode or by thea dust-free void extending out to a radius of 5—6 mm from
efficiency of any process of aggregation of small-sized grainshe object is observed around the object. The radius of this
into grains of larger size. One way of estimating an uppewoid corresponds to about 10—-20 times the plasma Debye
limit to the size of the grains is by requiring that the electriclength and more than £Qimes the dust Debye length, indi-
fields of the cylindrical double layer be capable of levitating cating that the shielding of the object’s electric field is due to
the grains. In our previous experiments in dc dischartfes  the plasma. A rough estimate of the size of the void can be
electric fields in the double layer were measured with emisebtained if we assume that the dust densigyfollows the
sive Langmuir probes and were found to be in the raBge Boltzmann relationng=ny,exp (—eZVkTy), whereZ is the
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FIG. 5. Sequence of single frame
video images ﬁ sec intervals of the
“object” moving at “high” speed
through the dusty plasma.

grain charge numbe¥ is the absolute value of the potential images indicatéFig. 2). Note also that, due to the logarith-

due to the floating object, and@l is the dust temperature.

From the linearized Boltzmann relation fiog we see that the

mic dependencae;, is relatively insensitive to the dust charge
and temperature.

space around the stationary rod will be devoid of dust outto  The experimental results presented are also in general

a radius where the potentiai(r) has fallen from the rod
floating potentialV; to the kTy/eZ of the dust. Assuming
that the potential falls off a¥/(r)=V; exp (—r/\y), the dust
density will be zero out to a radiusgiven approximately by
r~—N,In(kTy/e2\f). Using kTy=0.025 eV,Z=3000 and
V;=8 V, we obtain arr~14\,, which is close to what the

agreement with a theoretical analysis of the electrostatic
shielding of dust grains near the boundary of a plasma by
Luo and Yu® By solving the nonlinear Poisson equation with
Boltzmann density distributions for the ions, electrons and
dust grains, they showed that a dust “density shedib3),
which is much narrower than the plasma shd&§), forms
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TABLE |. Plasma/dust parameters.
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cloud can, perhaps, be best understood in terms of an “ero-
sion” of the high potential region, where the grains are

i 3 -3
E::i:ﬁntﬁggmurae Zilglvm trapped, by the negative potential of the “object.” The sec-
lon temperatureT , 0.02-0.03 eV ond feature, namely the absence of the circular or of the
Neutral gas temperaturg, 0.02-0.03 tear-drop dust-free cavity, and the appearance of a narrow
Dust temperatureT q 0.02-0.03 eV track due to a simple mechanical removal of the grains, can
Dust densityng s 7X10° m ? be understood by the fact that the time it takes the “object”
Intergrain spacingd~ (1/ngy) 5X10 " m .

Plasma Debye length,, 3%10°4 m to move across the dust cloud is not much longer than the
Dust Debye lengthi g 5%10°¢ m time required by the cloud to respond to the action of the
Dust plasma frequencyy g 380 sect “object.” For a cloud of 3 cm transverse size and a velocity
BUS: grain “radius” 5; 18:1;2 of the “object” of ~40 cm/sec, the transit time i30.08 sec.

ust grain mass H
Dustgrainz:Q/e 3000 9 The response time of the cloud could perhaps be measured

either by the quantityl ;4= 27/ w,4~0.02 sec or, better still,
by the time required by a dust-acoustic perturbation to move
across the cloud, which i,~3 cm(10 cm/seg=0.3 sec.
near the plasma/wall boundary. In the DS, the dust density
drops sharply, since the relatively highly charged dust grains
are strongly affected by the potential. ACKNOWLEDGMENTS

An interesting feature of the observations described in
Sec. Il A is that they provide a cleasisual illustration of
Debye shielding.

We would like to thank M. Miller and M. Fountain for
their excellent work in the design and construction of the
experimental device and Xiaogang Wang for helpful discus-
sions. This work was supported by The National Science

In the “moderate” speed case, instead of a nearly circu-Foundat'On'

lar hole in the dust grain distribution, we observe a tear-drop

shape for the region devoid of dust and surrounding the “ob-

ject.” The region is elongated in the direction of motion of S- Robertson, Phys. Plasm2s2200(1995.

the “object,” with a pronounced tail. The general size of the - Barkan. N. D’Angelo, and R. L. Merlino, Phys. Rev. Left3, 3093

. . (1994.
hole is the same as in Sec. IVA. 3R. L. Merlino, A. Barkan, C. Thompson, and N. D’Angelo, Phys. Plasmas

An interesting observation is the refilling of the dust in 5, 1607(1998.

the tail portion of the tear drop, which takes place at a speedA- Barkan, R. L. Merlino, and N. D'Angelo, Phys. Plasmas 3563

. (1995.
of 3 cm/sec. Thus, the ref|II|ng appears to take place at &C. Thompson, A. Barkan, N. D’Angelo, and R. L. Merlino, Phys. Plasmas

speed intermediate between the dust-thermal speed and thg 2331(1997.

dust-acoustic speed_ 6J. H. Chu, J.-B. Du, and L. I, Phys. Rev. Let®, 4009(1994; Y. Hayashi
and K. Ichibana, Jpn. J. Appl. Phys., Par82 L804 (1994; H. Thomas,
G. E. Morfill, V. Demmel, J. Goree, B. Feuerbacher, and D.hivwann,
Phys. Rev. Lett73, 652(1994); A. Melzer, T. Trottenberg, and A. Piel,

: ; : _ Phys. Lett. A191, 301(1994.
Of the two main features noted when the ObJeCt IS mov ’D. A. Law, W. H. Steel, B. M. Annaratone, and J. E. Allen, Phys. Rev.

ing at “high” speed, the first, namely the deformation of the | eyt g0, 4189(1998.
cloud boundary occurring as the “object” approaches the®H. Luo and M. Y. Yu, Phys. Rev. B6, 1270(1997).

B. Object moving at “moderate” speed

C. Object moving at “high” speed

Downloaded 11 Jun 2001 to 128.255.32.146. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



