60 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 25, NO. 1, FEBRUARY 1997

Current-Driven Dust lon-Acoustic
Instability in a Collisional Dusty Plasma

Robert L. Merlino

Abstract—A fluid analysis of the excitation of dust ion-acoustic The current interest in dusty plasmas is due to the realization
(DIA) waves in a collisional dusty plasma is presented. The of their importance in various astrophysical and geophysical

DIA waves are excited by a relative drift of the electrons and ; ; :
. Co ; nvironmen .g., interstellar m il lanetar
ions produced by a steady-state electric field applied to the environments (e.g., interstellar space, comet tails, planetary

plasma. The DIA instability is more easily excited if the relative ring systems, an_d the F’P'af mesosfphere). as well as in industrial
concentration of negatively charged dust is increased. plasma processing devices used in semiconductor manufactur-
. . - : . ing.

W;cgsforf;[;]s@g;gint'dnven instabilities, dust on-acoustic With the introduction of devices to disperse dust grains into
plasmas [6], [7], it has recently become possible to perform
laboratory experiments on waves in dusty plasmas. Some of

.- INTRODUCTION the initial investigations have included studies of the effects
ENERALLY, when negative ions are introduced into a®f dust on the excitation of EIC waves (EDIC) [8], and the

G electron/positive ion plasma, the properties of the plasmpgopagation of DIA waves [9]. In devices in which the dust

wave modes are modified and new wave modes appear. gains are confined in the plasma (e.g., by levitating them

example, the dispersion relation for ion-acoustic waves yiel@tectrostatically [10]), it has also been possible to observe the

two modes of propagation, a “fast” mode and a “slow” mod®w-frequency dust acoustic mode [11]-{13].

when negative ions are present [1]. A similar effect occurs in Laboratory devices used for semiconductor processing in-

dusty plasmas, i.e., a plasma consisting of electrons, positeagtably contain dusty plasmas, since the process itself often

ions, and negatively charged heavy dust grains. Quite differd@ads to the formation of micron-sized particles [14]. Some of
wave modes are possible depending on whether the dust grainesfeatures common to many of the laboratory dusty plasma
are considered to be static or mobile. Rabal [2] first devices include: 1) weakly ionized plasmas with relatively
analyzed the case in which the dynamics of the dust grainshigh neutral gas concentrations and 2) quasistatic electric fields
important and demonstrated the existence of a new very lavihich give rise to ion and electron drifts [15]. Rosenberg
frequency acoustic mode which they termed “dust acousiit6] recently investigated an ion dust-streaming instability for

(DA) waves.” Shukla and Silin [3] investigated the dust ioneonditions that might prevail in processing plasmas. A kinetic

acoustic (DIA) mode, which is the usual ion-acoustic mod@eory was used with the effects of collisions between charged

modified by the presence of immobile negatively charged dysdrticles and the neutrals also included. A fluid theory of the
grains. The presence of negatively charged dust increasesdkeitation of the DA instability in a collisional dusty plasma
phase velocity of the DIA waves, and as a consequence Hus also been performed [17]. For neutral gas pressures

Landau damping is expected to be significantly reduced [3]00 mtorr, it was found that dc electric fields 10 V/m

[4]. This was confirmed by Rosenberg [5] who used Vlasowere sufficient for the growth of DA waves ¢f 0.6 cm

theory to analyze the DIA instability driven by an electronvavelength. In addition to laboratory applications, neutral-

drift relative to the ions. charged particle collisions may also be important in dusty
For the case of a magnetized dusty plasma, D’Angefslasmas in the near-Earth space environment [18].

[4] found that, in addition to the ion-acoustic modes, two In this paper the dispersion relation for current-driven, DIA

electrostatic ion-cyclotron modes are possible. An electrostali@ves in a weakly ionized plasma is obtained using fluid

dust ion-cyclotron (EDIC) mode is present, which is the usugieory. Current-driven, ion-acoustic (IA) waves in collisional

positive ion EIC mode modified by the fact that some of thglasmas were previously analyzed by Self [19] and Kaw [20].

negative charge in the plasma resides on immobile dust graimge system consists of four components: electrons, positive

Also, a very low frequency electrostatic dust cyclotron (EDGpns, negative dust grains (for comparison one calculation

wave appears which is associated with the dynamics of tftolving positively charged grains will be presented), and

magnetized dust grains. neutral gas atoms. Since we will be interested in waves in the
ion-acoustic frequency range, the dust grains will be treated
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influence of the electric field and the drag force due tY) becomes
collisions with the neutral atoms.

The dispersion relation will be obtained in Section Il and the
numerical results will be presented in Section lll. Section IWhere the quantityZ = (ng/ni0)Z = Zng/(neo + Zng) is

neo = (1 — eZ)nio 9

contains a discussion of the results and conclusions. the fraction of the total negative change per unit volume on
dust grains.
II. DISPERSION RELATION Equations (1)—(4) are then linearized and all first-order

Th ) sts of elect e i dust arai uantities are taken to have the dependenide*—«*). Defin-
© System COnsIsts of electrons, positive 10ns, AuSt gralfls, » " 7, and €., = ney /neo, we find from (1) and
and neutral gas atoms of density, n;, nq, and N, respec- (3) that

tively. The dust grains are taken to be immokfle; — o)

and except where noted otherwise negatively charggds Vit = & (10a)
—eZ. The electrons and ions have temperatufesand 7. K
Electrons and ions undergo collisions with the (stationary) Vel = %561 (10b)
neutrals with collision frequencies, = Nojyv; o and v, = K
Noenve s, Whereo; .y, is the ion (electron) neutral collisionwhere ; = w — Kvip and Q. = w — Kuveo are the

cross section andj.) .1, is the ion (electron) thermal velocity. Doppler-shifted frequencies, in the ion and electron frames, re-
An electric field £ is present in the plasma. The positivespectively. Equations (10a) and (10b) are used in the linearized
ion fluid obeys the continuity and momentum equations: form of (2) and (4) to obtain

on; g =& K E 10c
B¢ T g (Vi) =0 (1) b =i (U + ivy) — K2(KT Jma) ™ (10c)
e K
el = —i—- E. 10d
v, v, on; Ler Lme welle — K2(kET, /m.) ! (10d)
nimi—; +nimivi o + L —— —eni B = —vinimv; (2) . . . )
ot Oz Oz Since the dust grains are taken to be immobile, the first-order
wherew; is the ion fluid velocity. The electrons are describe@ust densityng; = 0, so that from (5) we have that
also by the continuity and momentum equations Rt = et (10e)
8(;1; + ag(neve) =0 (38) then using (9)&;; and{.; are related as
i1 =1 —eZ)E . 10
kT, Ine 4+ enel = —venemeve 4) Sir = ( eZ)5er (207
Jzx Substituting (10f) and (10d) in (10c) yields the dispersion
wherew, is the electron fluid velocity. For low-frequency ionrelation.
waves, the electron inertia can be neglected in (4) except in the ) o kT
collision term. Sinceven.m.v. ~ m¢', this term is of lower (1= eZ)| (i — i) = K "
order inm, than the usual inertia terms that would appear on kT, me
the left-hand side of (4). - KQW +iﬁ1/€,9€ =0. (11)

The fluid equations are supplemented by the condition of . ) ] )
charge neutrality Finally, defining the relative drift velocity

ni = n. + Zna. (5) o = Ueo = vio (12)
) . ) Ell) can be written as
Equations (1)—(5) are linearized around a zero-order state that
is time independen{d/d¢t = 0) and uniform(8/9z = 0). (1-€Z) |:Q(Q+il/i) —KQQ}
Then in the zero-order state, (2) and (4) reduce to m;
kT, o me

—engolo = —v;n;om;vi0 (6a) - K2< s ) +1 <H>I/G(Q — KU,O) =0 (13)

and where, for simplicity, we us€ = ,. With
eneoBo = —VeNeoMeveo (6b)

Q=Q, +iv (14)

13) can be solved to obtain the real frequency (in the ion
ame) (1., and growth ratey.

Using (14) in (13) and setting the real and imaginary parts
equal to zero, we obtain

plasma and; andv.q are the zero-order electron and ion drif
velocities respectively. The condition of charge neutrality (
in zero order reads

where Ey is the (constant) zero-order electric field in thz

N0 = Neo + £N4g- (7) (1 _ GZ) [mz(Qg _ 72 _ ’VVZ‘) _ KQI{JE]

Defining — KT, — mevey =0 (15a)
g 1 1 Me Uo

=l =—Zy— v 1- . (15b

= o ®) YT T - ) { mr/K)} (15b)
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In general the dispersion relation (13) must be solved nu- 107 . .
merically, however, (15a) and (15b) are useful for examining !
conditions near marginal stabilityy =~ 0). 106
The validity of (15) can be partially checked by considering —_
the limiting case ofeZ = 0, i.e., no dust. In that case we T
find that (15b) reduces to the growth rate for collisional ion- =10’
acoustic waves [19], [20]. a
Ty P=10mtorr 7
lll. RESULTS : A P=50mtorr
In this section numerical solutions to the dispersion relation 1031 1‘0 160 00
(13) are obtained. In all of the results that follow, we use the K [md
following set of parameters: [m— ]
jon mass m; = 40 x 1.67 x 10727 kg @
= 6.7 x 10726 kg
electron temperature 7. =2 eV (16a) Lot ' '
electron thermal velocity ve ¢, = 5.9 x 10° m/s (16b) .
ion temperature T,=01eV (16¢) S osl -
ion thermal velocity vion = 490 m/s (16d) =
electron-neutral collision st ]
cross section [21] Oen = 2 % 10720 m? (16e) §/_
ion-neutral collision § 02 ]
cross section [21] Oin =5 x 1079 m2. (16f) =
These parameters (16a—f) were chosen since they are gen- 00

erally representative of conditions in laboratory dusty plasma . - '
experiments. It is convenient to express the neutral atom ! 11(0 [m- ]100 1000

density in terms of the pressure in millitorr
(b)
-3\ _ 19
N(m ) =3x10 P (mtorr)' (17) Fig. 1. (a) The negative of the real frequency in the ion frame vefsus

The i d elect llisi f ies th b and (b) normalized growth rate verséis Conditions:eZ = 0.5, Ey = 250
€ 10N and electron collision frequencies then become V/m, and neutral gas pressures of 10 (squares) and 50 (triangles) mtorr.

vi(s!) =735 x 10° P (mtorr) (18a)
v.(sTH) =3.5x10° P (mtorr). (18b) gas pressures (10 and 50 mtorr). The negative of the real part
) ) ) ~of © is given in Fig. 1(a) while the growth rates are shown
The relative drift velocity (12)uo can then be expressed inin Fig. 1(b). The growth rates have been normalized by their

terms of the dc electric field, and P respective values at = 10® m~! so that theitk dependence
_ s Eo(VIm) is more clearly seen. The growth rateskt= 102 m—! for
uo(m/g) = =5 x 10° S0 L. (190 p =10 and 50 mtorr werd.5 x 10° 571, and6.1 x 10% s,

o o ) respectively. For the case df = 50 mtorr and X = 100
For normalization purposes it is also convenient to have the 1 (A = 6 cm), the frequency of the mode in the laboratory

ion-acoustic speed frame isf = 25 kHz with the wave traveling in the direction
kT, + kT, . of the electron drift,vphase = wr/K = —1.6 x 10° mis.
Cs=y—— =22x10 m/s (20) ' The reduction in the growth rate with decreasifigis likely

) ) _ ) due to the fact that as the wavelength= 27/K) increases,
Colle_zctlng the various numencal_parameters, the dispersigis effect of ion-neutral collisional damping becomes more
relation can be cast in the following form significant. For example, faP = 50 mtorr, the mean-free path

(1—eZ)[QQ+i7.4 x 10°P) — 2.4 x 10°K?] for ion-neutral collisions\;, = (Noiy) ™ 2 0.13 cm, whereas
_KE, a K =20 m~! corresponds to a wavelength f30 cm. For
—4.79 x 10°K? + i4.8P <Q +5x 10° ) (21) K > 100 m~t )y, > A so the effects of collisional damping
P ; . '
would not be as important as for low#r's. This interpretation
whereK is the wavenumber in m', P is the neutral pressureis consistent with the result that &3 is lowered, the region
in mtorr, Ey is the (steady-state) electric field in V/m , and thé K corresponding to the maximum (saturated) growth rate
guantitycZ is the fraction of negative charge per unit volumgnoves to the left, i.e., to longer wavelengths.

on dust grains (for negatively charged dust< ¢Z < 1, Next the effect of increasing the concentration of negatively
where, witheZ = 1 all negative charge is on the dust grains;harged dust is investigated. Fig. 2 shows (a) the normalized
and wheneZ = 0 there is no negatively charged dust). phase velocity (in the ion frame)-2,./KC;, and (b) the

Fig. 1 shows a plot of the solution to the dispersion relatiomormalized growth ratey/(—€,.) for P = 50 mtorr, K =
Q versusK for ¢Z = 0.5, Eg = 250 V/Im and two neutral 63 m~! and E, values of 250 V/m and 500 V/m. Both
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Fig. 2. (a) Normalized wave phase velocity in the ion frame and (b) normatig 3 (a) Normalized phase velocity in the ion frame and (b) normalized
ized growth rates versus the relative concentrationegfativelycharged dust growth rate versus steady-state electric fi@lg. Conditions:eZ = 0.8

for Ey = 250 VIm (squares) and 500 V/m (triangles). Conditio#3:= 50 7 _ g3 m—1 P — 50 mtorr '
mtorr, K = 63 m~1. ' '

the normalized phase velocity and normalized growth rates 800 ' 50
increase as the concentration of negatively charged d#st, o
increases, thus indicating the destabilizing effect of adding /
more dust. FotE, = 250 V/m the damping/growth transition 13.0
occurs akZ ~ 0.5. The mode is unstable over the entire range E 400
of ¢Z at the higher value o, = 500 V/m. > 120
The destabilizing effect of increasirig, at a fixedeZ = 0.8 PTG o
is shown in Fig. 3. Both the normalized phase velocity (in the "-.—Qr/KCs — 110
ion frame), (3b) and normalized growth rat€—<2,.), increase 0 , 0.0
with increasingE,. For these conditions the critical electron 0 0.5 1
field for instability is E. = Eo(y = 0) =~ 150 V/m. eZ

The critical electric field,E., and normalized wave phase ved o | ) . (dots) and o
T : - : Fig. 4. Normalized phase velocity in the ion frame (dots) and critical electric
velocity in _the lon framé(_g”/K)/CS] are shown in Fig. 4, field in V/m (triangles) versusZ for P = 100 mtorr.
as a function ofeZ for P = 100 mtorr. As the amount of
negative dust is increased, it becomes increasingly easier to )
excite DIA waves in the plasma. In fact in the limiz — 1 @nd (15b), we obtain

in which all electrons are removed;,, — 0. For fixed values Q, KT kT,

of eZ = 0.1 and 0.9 the dependence of the critical figid Vi i\/m‘ + m ==4Csp (22a)

on pressure is shown in Fig. 5. Over the range< P < 103 ‘ ‘

mtorr, . increases linearly with?. For P = 100 mtorr, o~ _EW _ 1,,6 Me [14_ o } (22b)

relatively moderate dc electric fields 100-500 V/m (1-5 2 2 mi(l - eZ) +Cs,p

Vicm) are sufficient to excite DIA waves. We have used the fact thaty = v.o — v;o is alwaysnegative,
The conditions at marginal stabilityy = 0) can be obtained since v.o < 0 [see (6b)] and writeug = —|ug|. For any

analytically from the dispersion relation. With= 0 in (15a) possibility of growth (y > 0), the term in brackets must
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104 T Positively Charged Dust
15 . . .
103
g i} —
> g
ot 102 %
G o5t ]
10 :
10 102 103 0 . . s .
P [mtorr] 0 0.5 1 1.5 2
ez
Fig. 5. Critical electric field in V/m versus pressure fof = 0.1 (solid @)
line) and 0.9 (dashed line).
0.15 . . . :
be negative which requires the choife/K = —Cs p and 0.10
luo| > Cs p. The critical drift |uo.| is obtained by setting U ]
v = 0 in (22b) = oosth )
g °
m;V, kT; kT, =
o =114+ (1l—eZ)—=2 ty—7° . (23 & 0.00
[uoc] +( ¢ )mel/e}\/mi +mi(1—eZ) (23)
-0.05 [ .
For example, foreZ = 0.9, (23) gives|ug.| ~ 10° m/s <
2ve 1. At higher values otZ, smaller relative drift velocities -0.100 0-5 1 1-5 :
would be required to excite the DIA waves. For comparison, ) ) 2
when there is no dugeZ = 0)ug. = 6v. 1y, about three times ez
higher than in a plasma in which 90% of the negative charge (b)
is on dust grains. g. 6. (a) Normalized wave phase velocity in the ion frame and (b)

Finally, for purposes of comparison, it is instructive thorméllzed growth rate versusZ for the case ofpositively charged dust
consider the excitation of ion-acoustic waves in a dustjth K =63 m~', P = 50 mtorr, andEy = 500 V/m.
plasma with positively charged grains. This is readily done

by replacing(1 —eZ) by (1+¢Z) in (13). Note, however, that  \ith negative dust relatively modest electric fields are
now the quantityeZ = Znq/nio can take on any positive o ireq to excite the instability. For example, with= 50
value, i.e.,0 < ¢Z < oo, with ¢Z — oo corresponding \nior andez = 0.5 (half the negative charge in the plasma
to the case when there are® positive ions in the plasma. o st grains), we find thak,’s ~ 2.5 V/cm are sufficient
The solution to the dispersion relation fe#’s up to 2 and for an instability to occur.

— —1 —
.K F_ 636mE "dP " 50 mt:]O" andE;) _f 500 tV/ m daret shown Physically, the effect of negative dust on the instability can
in Fig. 6. Evidently, as the amount of positive dust increas ¢ understood by realizing that as more and more electrons

tr; grtlywlt: dlr?:;ndefgz?sissni/\gegtﬁglﬁazegog:;;)%I;ﬁgag;f/gc ¥come attached to the essentially immobile dust grains, the
ca 9 P 9 ion space charge perturbations are “neutralized” to a lesser and
on current-driven ion-acoustic waves.
lesser degree. In the limit &z — 1 (no free electrons), we
find then that vanishingly smal,’s will produce instability.
IV. DiscussION AND CONCLUSION For positively charged dust, of course, the opposite is true.

The current-driven, ion-acoustic instability in a plasma A fluid theory was adopted for this analysis since the
consisting of electrons, ions, massive charged dust grains, &f@ct of collisions and zero-order electric fields are more
neutral gas atoms has been analyzed. A zero-order electfigdily included in the fluid equations as compared to a
field E, is applied to the plasma which, in the presence &inetic treatment. Formally, one requires that the ratios=
the neutral gas, results in zero-order drifts of the electrofila + iva|)/Kv., wm (o = e,i) should bex 1 in the fluid
and ions in opposite directions. Under certain conditions thagproximation. The values of, were computed for a few
relative drift is sufficient to excite ion-acoustic waves. Theepresentative cases. For example, foe= 10 mtorr, K = 1
presence of negatively charged dust makes the mode easiet, using the results of Fig. 1(a) we fingg = 153 and
to excite in the sense that the critical electric field for wavé. = 22. On the other hand under the same conditions with
growth decreases as the relative concentration of negativély= 10> m=!, {; = 6, and({. = 21. Thus for these extreme
charged dust increases. By contrast the mode is more diffictétses we find, > 1. The fluid analysis is particularly well
to excite when positively charged dust is introduced into trsuited for waves with wavelengths= \;,, where )\, is the
plasma. ion-neutral collision mean-free path. We note, however, that
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the fluid analysis neglects effects such as Landau damping. In
this analysis we have takeR /T; = 20 so that the possible
effects of Landau damping would not be expected to bél]
significant. However, since the effect of adding negative dust
is to increase the wave phase velocity (see, e.g., Fig. 4) wé
expect the wave (Landau) damping to be much less importapy
for the DIA waves.

DIA waves may also be damped due to the mechanismié!
discussed by Havnest al. [22] and D’Angelo [23]. The [5
combined effects of these mechanisms has been analyzed
by D’Angelo [23]. The so-called “Tromsg damping” [22] is [
related to the fact that in general the grain charge cannot
be treated as constant. For wave periods on the order bf
the characteristic charging time of the grains, a finite phase
shift exists between the wave potential oscillation and thés]
oscillation of the grain charge in the presence of the wave
leading to wave damping. However, the “Tromsg damping’g
would probably not hold here as both the electron and ions
are collisional. The “creation damping” mechanism discuss t
by D’Angelo [23] is due to the loss in average momentum qi1]
the ions that results from the continuous injection of new ions
that must necessarily occur to replace ions which are lost to thg
dust gains. D’Angelo [23] showed that for conditions similar
to those considered in this paper the creation damping 'ﬁ]
the dominant mechanism of wave damping. A wave dampi*g
rate yop due to creation damping [23] can be obtained frorti4]
Yep = ma?nguin(l — eUp/kT;), whereqa is the radius of ¢
the dust grains and/y is the potential of each dust grain
relative to the plasma. This damping rate must be compared
with that due to ion-neutral collisions;/2 from (22b), or [16]
Yen/(vi]2) ~ ma*ngv; i/ (Nomvi tn/2). For example, with [17]
a=5x10°%m, ng = 101° m3, N = 3 x 101 m=3
(P = 0.1 torr), we findvcp/(v;/2) ~ 5 x 1072 so that the [1g]
damping due to ion-neutral collisions is much more important
than the creation damping. We note, however, that the creati
damping becomes increasingly more important at lower neutral
pressures or higher dust densities. [20]

Finally, a few comments are in order concerning the possi
applications of the results presented here. Obviously our
main motivation concerns laboratory dusty plasmas which
generally operate at relatively high neutral gas pressurgs
and where it is possible that steady-state electric fields on
the order of those required for instability might be preser[%]
as a natural consequence of the plasma formation process.
However, the results presented here may also be relevant
in various astrophysical and near-Earth space environments
where dusty plasmas coexist with substantial amounts of
neutral gas.
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