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The Kelvin—Helmholtz instability in a plasma with negatively charged dust
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The effect of negatively charged dust on the Kelvin—Helmh@arallel velocity shearinstability

is investigated experimentally in a magnetized cesium plasma. The dust generally has a stabilizing
effect on the instability, although, in some cases, the addition of negatively charged dust into the
plasma results in a slight increase in the instability fluctuation amplitude. The results are in general
agreement with theoretical predictions. ZD01 American Institute of Physics.
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I. INTRODUCTION Experimental studies of the effect of negatively charged
dust on ion acoustic and electrostatic ion cyclotron waves as
well as observations of the very low-frequency dust acoustic
wave are summarized in the review paper by Merknal®

This paper is organized as follows: Section Il contains a
o o e , “summary of the relevant theoretical results. Details of the
magnetic field. This instability was first analyzed theoret"experimental apparatus and methods are presented in Sec.

cally by D’Angeld” who showed that in a nonuniform plasma Ill. The results are given in Sec. IV. Section V contains a
with equal electron and ion temperatures, instability will 0C- jiscussion of the results and the conclusions

cur if the quantity which characterizes the shearg,/dx
> \/2\¢;, wherev,, is the ion flow velocity along the mag-
netic field,x is a coordinate transverse to the magnetic field,
\ is the inversee-folding length of the density gradient, and
¢; is the ion thermal speed. Thus, dby,/dx~Avg,/l and
[~ 1/\, the instability will occur forAvg, on the order of the
ion sound velocity. The essential features of the theory wer
confirmed experimentally by D’Angelo and von Goéleho
observed low-frequencffew kHz) electrostatic fluctuations
in a thermally ionized cesium plasni® maching when the
relative drift between ions in adjacent layers was; .

The instability was also studied both theoreticiand

The Kelvin—Helmholtz(KH) parallel velocity shear in-
stability (PVSI) is a fluid instability that may occur in a
plasma which is flowing parallel to a magnetic field with a
flow velocity that varies in a direction perpendicular to the

IIl. THEORETICAL BACKGROUND

The analysis of the KHPVSI) instability in a dusty
5Iasma by D’Angelo and SoRdollows closely the earlier
work of D’Angelo! on the corresponding mode in a normal
plasma without dust.

In a Cartesian frame of reference, the magnetic fiBld,
is in the positivez direction, and an ion density gradient

. talld in pl ith ive i T i exists in thex direction. The ion density distribution of the
experimentall{f in plasmas with negative ions. The negai 'Vegnperturbed state is of the tyge, o(x)=n,ee ™, with

ions were generally found to havedastabilizingeffect on gmzconst. The ions flow along with a velocity that de-

the instability, i.e., the mode was excited at lower _values %hends only on the coordinate, the ion zero-ordéanper-
the shear paramet&=(1/w..)(dvy,/9X), wherew, . is the turbed

. S velocit vector  bein iven by v
ion gyrofrequency, when the negative ions were present. y g 9 y V+o

i ) Con T =00 40y 5V 102(X) ], with v o =const. The plasma elec-
However, .'t was also_found tha_t for a fixed negative '9Ntrons are assumed to be in Boltzmann equilibrium both in the
concentration, increasing the ratim_/m, of the mass of

S ) ot zero-order and in the first-ordéperturbed state, while the
the negative ion relative to the positive ion, had a generallydust grain, all of the same size, are so heavy that they do not

stab_:_lihzingft;:ffetct gseet Fig. ? of Ref_. Bﬁ tvely | bil participate in the plasma motion. Each grain charge is equal
€ effect of extremely massiveffectively immobile to —eZ The quantitye=nyo/n., indicates the ratio be-

and negatively charged particlédust grains was inves-ti- tween the dust density and the ion density in zero-order.
gated .theoret|cally by D'Angelo and Sol'_hglsmg a ﬂu'.d Since charge neutrality is preserved, the prodizcindicates
analysis. A summary of the results from this analysis will bethe fraction of the negative charge, in any volume, which
presented in the following section. In this paper we presenf.cides on dust graingZ=0 meanin:q that all of the hega-
results of an experimental study of the effect of negativelytive charge is in the form of free electrons aeiti=1 corre-
charged dust on the KKPVS)) instability. The experiment sponding to the complete absence of free electrons.

was performed in a double-ended Q machine, using an ar- The first order quantities are assumed to vary as
rangement for producing sheared ion flow nearly identical 0i(Kyy+Kzz=0t) \with only a weakx dependence. Following
that used by D’Angelo and von Goefefthe *ring +disk” standard proéedure, the dispersion relation:

experimenk

$P=BAL—y(y—BS)=0, 1
dElectronic mail: robert-merlino@uiowa.edu is  arrived at, where (=Q/wc=(0—Ky, oy
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—Kup o)lw.. is the Doppler shifted wave frequency in
terms of the ion gyrofrequencw., =eB/m, . The follow-
ing definitions apply:

KT, kT, 1

2 — -
Aile)= m., * m, 1—eZ’
A% (e)
prO=—7,
Ble)=Kyp,(€), y(e)=K,p,(€), A(e)=\p,(e),
. 1 dvio,
Cweyp OX

and it is assumed th@t?<1 andy?<1. The instability con-
dition is that { be complex. The critical shear parameter,
minimized with respect to th&,/K, ratio, increases with
increasingeZ, for negatively charged grainsee Fig. 1 of
Ref. 5, indicating a generally stabilizing effect of the nega-
tive dust.

An alternative way of analyzing the instability is by ob-
taining, from Eq'(,l)’ the InStablllty growth rate.as', a fun(_:tlon FIG. 1. Dependence of the theoretical normalized instability growth Rate,
of €Z. For any fixeds, the growth ratd” maximized with  on ¢z () Rvs ez for A=0.116, and three values of the shear paraméter,

0 0.5 eZ 1

respect to the&, /K, ratio, is given by (b) Rvs €Z for S=0.7 and three values of the plasma density nonuniformity
parameterA.
[=[38%(S*—AH]Y2, @)
and for a plasma with equal ion and electron temperature

%n ion flow velocity along the magnetic field;~1-2

Te=Te=T X 10°cm/s. In a double-ended Q machine the plasma pro-
. ,2—€Z| , ,2—€Z 12 duction from each plate can be balanced so as to produce a
I'=12(Kyb) 1—eZ S*=(Ab) 1—eZ ' 3 plasma with no net ion flow along the magnetic field, and

hence no shear within the plasma column.
To produce the shear in the ion flow the “rifiglisk”
X ! setup was used. A metal ring with an outside diameter
three different values of the_ _shear param_e‘feA_n INCréase  somewhat larger than that of the plasma column and an inner
of €Z has generally a stabilizing effect, i.e., it produces a4iameter of 2 cm was located at one plasma cross section,
decrease of the growth rat_e, (_axcept for the_larges_t shear a%%d a metal disk of diameter 1.8 cm was located at another
at low 'EZ’. when a very mild increase ® with eZ 'S,Ob' cross section, as shown also in Fig. 2. The ring and disk were
served. Figure (b) showsR as a function ofZ, for a fixed centered on the plasma column and were separated by 50 cm.
value of the shear paramgtﬁttQ.?, and for three d2|fferent They were both oriented with their normal parallel Bo
yalues of the plasma uniformity paramete=(Ab)®. An When the ring and disk are biased negativédipse to the
Increase OfA reduces the growth ratg, as ex.pected from the}Ioating potential, the ions are collected by the ring and disk,
stabilizing effect of the plasma density gradiént. resulting in a counterstreaming flow between the inner core
ions and ions in the outer annular layer. Shear in the parallel
IIl. EXPERIMENTAL SETUP AND METHODS flow is then present in the annular region represented by the
dashed lines in Fig. 2.

The experiments were performed in the lowa double- A measurement of the shear resulting from this configu-
ended Q machin€Q3), shown schematically in Fig. 2. The ration was made in a previous experinfemnder very simi-
device produces a magnetized, fully ionized cesium plasma
by surface ionization of cesium atoms from two atomic beam
ovens on two, 6 cm diameter tantalum et2000—2500 K rotating dust dispenser u
plates (HP) separated longitudinally by 1 m. The experi- Cs _ HP
ments were performed under the following conditions: .
Magnetic-field strength 0.3 T, plasma density in the range
5x10°cm 3-10cm ™23, and electron and ion temperatures,
Te~T;=0.2eV. The hot plates were operated under electron dust embedded
rich conditions with resulting Langmuir probe floating poten- aluminum wool
tials ,O,n the Or,der of-2 to —3 volts. Under these typical FIG. 2. Schematic diagram of the experimental setup used to produce a
conditions the ions are accelerated away from each plate by @agnetized plasma with radial shear in the magnetic field aligned ion flow
~2 to 3 V sheath at the plate. For a Cion, this results in  and the rotating drum used to disperse dust into the plasma.

where b=1/w., (kT/m,)Y2 For A=(\b)?=0.116, Fig.
1(a) shows the quantitik=2I"/Kb as a function okZ, for
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lar conditions to those used in the present experiment. Aerved by monitoring the fluctuations of the floating potential
Langmuir probe consisting of two electrically insulated disk of a Langmuir probe which had a spatial resolution of 2 mm.
collectors mounted back-to-back and biased-&t V, was  This is illustrated in Fig. &), which shows traces of both the
used to measure the radial distribution of the ion flux arriv-direct current(dc) (top) and alternating currer(ag (fluctu-

ing at the probe from each hot plate. From these flux meaating componentprobe floating potential, recorded as the
surements, the radial profile of the ion flow velocity(r), probe was moved radially across the plasma column at an
was obtained(see Fig. 4 of Ref. ¥ The results clearly axial location corresponding to the midpoint between the two
showed a roughly uniform flow speed in the outer annulahot plates. The dc floating potential is typicdéleoQ machine
plasma region and a uniform flow of comparable magnitudglasma under the electron rich condition, the floating poten-
but opposite direction in the inner region. From thistial being approximately constant at abou8 volts in the
measurement, the radial derivative of the parallel ion flowplasma column. The ac potential, recorded on a 20 times
dvi(r)/ar, was computed, which along with the ion gyrofre- more sensitive voltage scale compared to the dc case, shows
guencyw., , provided an estimate of the shear parametefluctuations with a peak amplitude corresponding to the ra-
S=(1/we.)(dvi(r)/or)=~(2%x10° s H 1 [(1-410°s 1] dial locations of the edge of the disk, i.e., in the region where
~0.5-2.0. the shear is expected to attain its maximum value. The oscil-

Dust was introduced into the plasma using the rotatindations disappear if the bias on the ring and disk-is3 V,
drum method The central 50 cm of the plasma column wasi.e., if the counter-streaming of the ions is essentially elimi-
surrounded by a metal cylinder which could be rotated aboubated. The data of Fig.(8 refer to the situation in which no
its longitudinal axis by a variable speed motor. The inside ofdust was present.
the cylinder was covered by a coarse aluminum wool into  The effect of the dust on the KH mode is illustrated by
which dust was embedded. When the cylinder was rotated #he traces shown in Figs(l®, 3(d), taken under increasing
“rain” of dust grains would precipitate through the plasma values of the drum rotation rate. Evidently, the effect of the
column. The fallen particles would then be re-circulateddust, in this case, is to produce a decrease in the KH mode
through the plasma. Upon entering the plasma the dust grairsnplitude. At a rotation rate of 35%-ig. 3(d)], the mode is
would very quickly acquire a negative charge, thus reducingffectively eliminated, and the fluctuation level returns to the
the free negative chardgelectron density in the plasma. The background level. We point out also that the traces of the dc
use of aluminum wool on the inside of the rotating cylinder potential are practically unchanged by the presence of the
is a slight modification of a previous desifjmnd results in  dust. Except at the very edges of the plasma column the dc
the ability to operate at somewhat higher dust densitiefloating potential traces are also relatively flat, indicating the
(>10°cm 3). This was necessary, since the KH instability lack of any radial electric fields in the body of the plasma,
is present only at relatively high plasma densities, and thuand in particular, in the shear layer.
higher dust densities are also necessary to produce observ- The type of measurement shown in Fig. 3 were per-
able effects on the instability. formed at several values of the drum rotation rate. From

The dust was kaolifaluminum silicat¢ of nominal size these measurements a plot of the KH wave amplitude
0.4 microns, but with a very broad size distribution ranging(eAV/kT., whereAV is one-half the peak-to-peak fluctua-
from hundreds of nanometers up to tens of microns. tion leve) vs the correspondingZ value (from the Lang-

For the experiments described here the charged dust pamuir probe measurements discussed in Se¢.wHs made
ticles merely provided a negative charge background and diend is shown in Fig. 4solid dots. For these conditions the
not participate in the dynamics of the wave motion. Thedust has a damping effect on the mode. For comparison, the
presence of dust was determined by observations of the reolid curve in Fig. 4 shows a plot of the normalized linear
duction in the electron saturation current to a positively bi-growth rate[the imaginary part of, from Eq. (1)] corre-
ased Langmuir probe due to the collection of electrons by theponding to the approximate experimental conditiohs:
dust grains. This method, which has been discussed-0.2cm,K ~1 cm ! (m=1 mods, K,/Ky~0.2, and\~2
previously? also provided a measurement of the quantity,cm ™.
eZ, the fraction of negative charge per unit volume residing  Finally, we note that in some cases in which the condi-
on dust grains in the plasmeaZ could be varied by changing tions were such as to produce a particularly strong shear, the
the rotation rate of the cylinder. A linear relation betwe&n  mode amplitude was first observed to increase slightly with
and the rotation rate was found wi#Z varying from about increasingeZ, up to a point before decreasing, similar to the
0.2 to about 0.7 for rotation rates between 20% and 40% obehavior of the growth rate for highvalues seen in Fig. 1.
the maximum rate.

IV. EXPERIMENTAL RESULTS V. DISCUSSION AND CONCLUSIONS

When the ring and disk are both biased a few volts nega- In general agreement with the theoretical results of Sec.
tive to collect essentially the full ion saturation current, all, we have observed that negatively charged dust tends to
counter-streaming exists between the inner core and outsid#abilize the KH instability. This conclusion is based on a
cylindrical shell. Under these conditions we observed thecomparison of the measured KH wave amplitude and theo-
excitation of low frequency oscillations, with frequencies retical linear growth rates. Although the wave amplitude is
mostly in the 1-4 kHz range. These oscillations were ob-only a reflection of the nonlinear growth rate of the instabil-
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FIG. 4. Measured KH instability wave amplitudeXV/kT,) vs e€Z (solid
dotg. The solid line is the normalized theoretical growth rafefor S
=0.8,b=0.2cm,K,=1cm*, K,/K,=0.2, and\=2 cm %,

ity, it is expected that the reduction in the linear growth rates
with increasingeZ would also give rise to a decrease in
wave amplitude.

One issue that needs to be considered is the possible
reduction in the shear due to the interaction between the ions
and the dust grains. We believe that the dust does not pro-
duce a large reduction in the shear for the following reasons.
In the interaction of an ion with a dust particle the ion may
be totally absorbed by the dust or it may be scattered. For
relatively large dust grains the collection of ions by the dust
\ is the dominant effect. In this case there is an attenuation of
the ion flow but with no reduction in the shear. For smaller
grains, ion collection is also important but Coulomb scatter-
ing process is equally likely. In our previous study of the
v effect of neutral collisions on the parallel velocity shear
instability’ we found experimentally that even at the highest
values of the neutral collision frequency used there was no
drastic reduction in the shear. For the present experiment we
estimate that the corresponding ion—dust collision frequency

is even smaller than the largest ion-neutral collision fre-
quency used in the previous investigation. Thus, it seems
reasonable to conclude that collisions between the ions and
dust grains do not reduce the shear and hence that the ob-
served decrease in wave amplitude is consistent with the the-
oretical predictions.

In closing we mention that non-linear aspe¢®rtex
formation of this ion velocity gradient instability in a dusty
plasma have been considered by Bharuthram and Shukla,
who also discussed the relevance of this instability to astro-
physical and space plasmas.
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FIG. 3. Radial profiles of the floating potential of a Langmuir probe for
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