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Probe induced voids in a dusty plasma
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An experimental study of the formation of voitiust-free regionsaround negatively biased probes

in a dusty plasma is described. Stable voids are maintained by the balance of electric and ion drag
forces on the dust particles. A theoretical model is proposed to explain how the size of the void
scales with the probe bias potential. Z)04 American Institute of Physics.
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I. INTRODUCTION drag force on the dust particlés, that tends to expel them
Dusty pl tible to the f i ¢ from the region. IfF;>F¢, the initial density depression
usty plasmas are susceptivie 1o the formation ot &, into a void. Thermophoretic forces have also been

void,” a centimeter-size region within the plasma that is ;0 1o explain void formatiof® although recent worké
free of dust particles. The boundary between the dust-free

plasma(void) and the dusty plasma is typically quite sharp. suggests that the ion drag force is more likely the mechanism

Praburam and Gorédiirst reported the appearance of a responsible for the formation of voids in dusty plasmas under

i ) S i microgravity conditions.
spoke-shaped, dust-free region in a cloud of 100-nm carbon Voids in dusty plasmas have also been produced by in-

particles in a radio-frequency discharge formed between . : . . .
parallel-plate graphite electrodes. This dust-free regior?ertlng a_probe that IS negatively biased with rgsp_ect 0 t_he
(called the great voidrotated azimuthally in the discharge sgrroun_dmg plasma into a dusty plasma. A cylmdnca_l void
and only appeared when the dust particles had grown to A/lth a diameter of-1 cm was produced when an electrically
sufficiently large size. floating tungsten rod of 1.6 mm diameter was inserted into a

\oids have also been an unexpected occurrence in dusfHSty Plasma formed in a nitrogen discharge .plagmhser- ,
plasmas produced under microgravity conditions. In laboraYations were also made of the effect of moving the floating
tory devices, dust particles must be levitated against gravitjod through the dusty plasma at speeds either below or above
by the relatively strong electric fields at the sheath above thi'e dust acoustic speed. When the rod was moved through
electrodes. This precludes the formation of large threefhe dustcloud on atime scale long compared to the time for
dimensional(3D) crystal structures, since the particles are@ dust-acoustic perturbation to move across the cloud, a
relegated to relatively thin layers just above the lower elecinoving void was formed.
trode. Voids formed in dusty plasmas under microgravity ~ The present paper describes the results of a similar ex-
conditions were observed in the PlasmaKristall experimentgeriment in which a void was formed in an argon glow dis-
(PKE-Nefedoy onboard a sounding rocKeand recently on charge plasma by inserting a negatively biased probe into the
the International Space StatidrRecent ground-based ex- dusty plasma. Unlike the previous experiment, however, we
periments have simulated these microgravity observations byere now able to study the effect that changing the probe
applying a temperature gradient across the plasma volume #fas has on the size of the void. The experimental results are
an rf glow discharge plasma. This creates an upward therm@ompared to a model in which a stable void is maintained by
phoretic force that counteracts the role of the gravitationathe balance of the outward electrostatic force on the negative
force, allowing the size of the cloud to increase and alsalust by the electric field of the probe and the inward ion drag
facilitating the formation of a large oval-shaped vbid. force due to ions that are drawn into the void and collected

The spontaneous formation of voids has been attributefly the probe. It is important to note that in the voids gener-
to an instability that develops if a local depletion of nega-ated by a negatively biased probe described here, the roles of
tively charged dust particles occurs within a spatially uni-the electric and ion drag forces areversedcompared to
form dusty plasma.The dust density perturbation produces avoids formed under microgravity conditiotiRefs. 2 and B
positive potential with respect to the surrounding plasma and’hus the present study provides a complimentary view of
thus an electric field that points outward from the region ofvoid formation in dusty plasmas. The first experiment where
the dust depression. This electric field has two effects: ithe balance of ion drag and electric force was proposed to
produces an inward electric fordg: on the negative dust, explain the confinement of particles in the field of a nega-
and an outward ion drift. The ion drift causes an outward iontively biased wire(in 2D particle clouds was reported by

Samsonowet al°
3Electronic mail: etir@physics.auburn.edu The experimental setup and methods are described in
PElectronic mail: robert-merlino@uiowa.edu Sec. Il and the results are given in Sec. lll. The theoretical

1070-664X/2004/11(5)/1770/5/$22.00 1770 © 2004 American Institute of Physics

Downloaded 26 May 2009 to 128.255.32.146. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp


https://core.ac.uk/display/291594595?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1063/1.1688333
http://dx.doi.org/10.1063/1.1688333

Phys. Plasmas, Vol. 11, No. 5, May 2004 Probe induced voids in a dusty plasma 1771

Cathode ()

cathode
l’"
— anode

y dust
cloud

tray

(b) b | «ﬁ Dust
Source

FIG. 1. (a) Schematic of the experimental apparafiss.Photograph of the experimental device and confined dust clopBust cloud with void surrounding
the probe.

model and a discussion of the results is presented in Sec. I\h size, and is centered on the probe although appears to be

Summary and conclusions are given in Sec. V. off center which is an artifact of the viewing angle. By mov-
ing the laser sheet in the vertical direction we were able to
Il. EXPERIMENTAL SETUP AND METHODS see that the void was cylindrical in shag&he image also

shows the presence of dust acoustic waves, which appear of

Dc glow discharge plasmas were generated in the DPXhe |eft side of the image as dark striations. The dust acoustic
(dusty plasma experimentlevice using both a biased cath- waves, which were present before the void was formed, con-
ode and a biased anode, as shown schematically in f&5. 1 tinued to propagate around the void after it was formed.
The cathode is a 2.5-cm-diameter brass disk. Approximately  The main result of this experiment was the observation
5 cm below the cathode is the anode which is a rectangulasf the effect of the probe bias on the size of the void. Figure
stainless steel plate, 9 mm wide and 37 mm long. An elecs js a series of images of the void taken at various values of
trically floating brass tray containing 2/&m diameter silica  the probe bias voltage. The probe bias, ranging from 160 to
powder is used as the source of dust particles. This tray cafge v, is indicated on each image. The prdb¥ character-
be moved vertically in the vacuum chamber and for thesgstic is shown in Fig. 3, where the ion current is positive.
experiments was located roughly 3 cm below the anodeA|th0ugh the net probe current is negative fé¢>200 V,
When the discharge is initiated, some of the dust particles ofhe probe continues to collect ion current up to the plasma

the tray, which are in contact with the plasma, becomeyptential. The plasma potential in a glow discharge generally
charged, leave the tray and become trapped within the anode

spot that is attached to the underside of the anode. Dust

clouds having well-defined boundaries are electrostaticalljJABLE I. Summary of experimental parameters.
levitated \_N|th|n this anode glow plasma._ Further details Ofischarge parameters

the experimental setup have been described elsewhere.  yeutral gas

- : _ ) argon
The dust particles suspended in the plasma are illumineutral pressure 120-130 mTorr
nated using a Nd:YAG laser. The beam is expanded into Anode voltage 200-215V
sheet using a cylindrical lens and images of the iIIuminatedp3|""mc’de "O'taget —100—130V
particles are recorded on a video camera. Single frame in]assc?;is‘i)grame ers o 1085 -2
ages of the particle cloud are the.n captured for ar_1a|ysis. Rlectron temperature 2_4 eV
typical example of one of the confined dust clouds is showrmebye length ~300um
in Fig. 1(b). From images of this type, estimates of the dustDust parameters N '
grain density can be made. Measurements of the plasma p¥aterial ;"ga (f'?%
. . 1ze SGumEloum
rameters were made using Lgngr_nwr probes. A summary qf,” density 2200 kgfin
the experimental parameters is given in Table I. Mass 2.8 10 Y kg
Charge(OML) ~5000e
Interparticle spacing 2104 m
I1l. EXPERIMENTAL RESULTS Dust density 101 10 -3
The void was produced by inserting a negatively biasecI}_/ideo measurements NA.YAG at 532
. . - . aser - al nm
(with respect to the plasmavire (0.2 mm diameterinto the Video resolution 16umipiel

dust cloud. An example of a void formed by the probe isyncerainty 0.43 mm
shown in Fig. 1c). This void is on the order of a centimeter
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of various size sepending on the probe
bias potential listed in the lower left
corner.

. A ' SR ﬁ ? % A FIG. 2. S f single f
160} 170§ 1765 18 185 ; video ir.nagegof dust cloud \?vith voids

133'1 J 190 } 192 % 94 :E 196 ¥

follows the anode potentigR13 V in this casgand is typi-  neutral density and, is the ion neutral collision cross sec-
cally a few volts more positive than the anode. Thus for alltion). We also assume that the ions obey the continuity equa-
of the images shown in Fig. 3 the probe is negative withtion d(n;u;)/dx=0, so that

respect to the plasma. As the probe voltéagdative to the Iy

plasma is decreased from 196 to 160 V, the size of the void  n,u,=n;,u;,=consts —— 2)
increases, as shown in Fig. 4.

eny’

wherel, is the ion current collected by the probe ahglis
the effective collecting area of the probe. The electrons are
taken to be in Boltzmann equilibrium,

Basic modelA model was developed to account for the  ng=n,e®/kTe, (3)
dependence of the void size on probe voltage. The basis of
thepmodel is shown schematlcalls in Fig. 5. gThe probe, bi- where e, is the electron density at the edge of the void.
ased atgy, is located ax=0 and the void boundary at Within the void, the dust density is zenoy=0, so Poisson’s

b
=X, . The void is maintained by a balance of the outwardequatlon for the potentiap reads
Coulomb force on the dust and the inward ion drag force due , e
to the ions that are accelerated inward by the electric field of ¢ (X)=~ g_o(ni_ Ne), )
the negative probe. As we will show, inside the void the Y 5 ) o
electric force exceeds the ion drag force, iRe>Fp, and where”(x) =d“p/dx-. If we denote the electric field at the
at the void boundarf.=Fp . The electric force on the dust Void edge a€,, and takingE= — |E[X=—|¢’(x)|&, where
is given byFg=Qy E, whereE is the inward electric field ¢’ (x)=de/dx, then combining Eqs(1) and(2) we have
due to the probe. The ions are assumed to be mobility lim- E,
ited, so for the ion flow velocity we have P m. 5)
10

=i, @ Using Egs.(3) and (5) in Eq. (4) we obtain the following
where the ion mobility is given byu;=e/miv,, vi, differential equation for the potential within the void:
=Noj, vt is the ion neutral collision frequencyN(is the

IV. PHYSICAL MODEL AND DISCUSSION
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FIG. 4. Experimental measurements of the void size dependence on probe
FIG. 3. Probe current-voltage characteristic. lon current is positive.  bias potential.
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FIG. 5. Schematic of the theoretical model. The probe is locatee-8tand o ) ) _ '
X, denotes the void boundary. The bottom is a schematic potential distribuF!G. 6. Void size vs normalized probe potential relative to plasma potential.
tion. Solid dots are data taken from Fig. 5. Curves are theoretical valuds,for
=1700 V/m(solid) and 2500 V/m(dashedl T.=2.0 eV.

en E
@"(X)+ S—IO m— poe®?Te | =0, (6) s . 2ee
0 bc=a 1— m (8)
wherep,=negq/Njg - 'vs
lon drag force To solve Eq(6), the value of the electric and
field, E,=|¢’(X,)|, at the void boundary is required. This is
N |§D ( O)| y d Forb:47TnimiUivsbi/2F, (9)

obtained from the force balance conditioQyEq(X,)
=Fp(X,), whereFp(X,) is the ion drag force at the bound- wherev5=(u$i+ui2)1’2 is the mean speed of the ionsy;

ary. The ion drag force is usually expressedRas=F being the ion thermal speed, and

+Forp, WhereF, is the contribution due to momentum 1 (22 4p2

transfer from the ions that are collected by the particle and |, :e—Qd = Z|n| =R~ (10)
. . . . . 4 20 2 b2+ b2 ’

Forp IS the contribution due to ions that transfer momentum TEM U ¢ Oz

due to Coulomb scattering. When the ion flow is superther

ma'-lgi%UTi' as we show below, the formula of Barnes jnq notential of the dust particle relative to the plasma. With
et al.”“ can be used to calculate the ion drag fql(d'me ion T.=2 eV andn,~3x 10" m3, the electron Debye length
drag for_ce fqr the case of su_bthermal ion floyv is the sgbjeqs Npe=2X 104 m. Using Eq.(8) in Eq. (7) and Eq.(10) in

of ongoing discussion in the Iltgratu]ré.We estimate the ion Eq. (9), we obtain values for the ion drag force in the range
flow speed at the boundary using Eg). For probe currents Fo~(2.8-1.1)<10 ' N for u,=(500-1500) m/s. The

in the range of 1-3A, an effective probe area #,~4.4  qresponding values fdg,=Fp/Qy are then in the range
x10"® m?, and an ion density oh;,~3x10®m™3 we of (3400-1200 V/m. As a check on the consistency of this
obtain au;,~(500-1500) m/s, on the order of or larger estimate, we compute; from Eq. (1) and find thatu;
than the ion thermal velocityy ;=250 m/s, so that the ~1000m/s, in reasonable agreement with values estimated
ions can be considered as superthermal. This is reasonalflem the probe current.

since the ions are accelerated by the relatively large electric Comparison of theory and experimeBuation(6) was
field of the probe. The dust charge is estimated usingolved numerically to determine how the void sizg de-
Qu=4ms,aes, Where in an argon plasma with pends on the probe bias,. To perform this calculation a
T./Ti=2eV/0.025 e\~ 80, the balance of electron and ion value forE,[ = ¢'(X,)] is chosen as one boundary condition
currents yields a dust floating potentigj=—2.5kT./e, so  atx=x,, and the potentiap(x,)=0 is the other boundary
that with T.=2eV and a dust radius=1.5um, |¢;  condition. The potential is continuous between the probe and
=5V and the dust charge magnitudeQg=28.3x10 1 C  the boundary and that the electric field is finite everywhere.
(Z2~5200). From the video measurements of the interparGood agreement is achieved if the computed potential at
ticle spacingd~2x 10 * m, the dust density)y can be es- =0 matches the probe biags,. Figure 6 is a plot of the void
timated usingng,~(4wd33)"1, giving ng=3x101°m~3.  size vs the probe bias relative to the plasma potential nor-
From the quasineutrality condition,=n¢,+Zny,, the ratio  malized to the electron temperature, i.eq,/kT.=e(V,

wherel\ . is the electron Debye length, arg is the float-

Po=Neo/Nj, is estimated to be-0.9. —Vy)/kT, for kT,=2eV, P,=0.9 and two values oE,.
The “Barnes formula” for the ion drag force is The solid dots are the experimental points taken from Fig. 5.
Our first goal in presenting the model was to account for
Feoll= mNim;Uiv b7, (7 9 P g

the dependence of void size on probe bias, and the model
where seems to work well in this regard. A secondary goal was to
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107° ——— the probe and the inward ion drag force exerted on dust
particles that are accelerated inward to the negatively biased
probe. This model is able to account quantitatively for the

dependence of the void size on probe bias. It is worthwhile

to note once again in closing that the voids studied here are
maintained in a stable configuration by the same forces,
which, in the opposite direction, are also able to account for
stable voids formed under microgravity.
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