PHYSICAL REVIEW E, VOLUME 65, 027401
Modulational instability of short-wavelength ion waves in strongly coupled dusty plasmas
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Modulational instability of electrostatic short-wavelength ion waves in plasmas containing strongly coupled
dusts with variable charge is considered. The evolution equations for the ion waves modulated by slow dust
motion are obtained. The instability behavior differs considerably from that of plasmas with weakly coupled
dust grains and depends strongly on the Coulomb coupling parameter as well as the dust-charge relaxation rate.
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Several studies have been devoted to the modulation (:zf/herewk0 andk, are the frequency and wave vector of the
ion waves by low-frequency dust motion such as that of dusfy waves, andy,; is the ion plasma frequency. In the short-
acoustic waves and dust-modified ion acoustic watess). wavelength regi?ne,

Most of these investigations are for weakly coupled dust

grains. Since in many laboratory situations the typical dust e [

charge is large, the Coulomb coupling paraeneﬂér [kol A <1<[ko[Ae=Vim;/me, @
=Z4e?layT4 (whereZg is the dust-charge number.e is the
electronic chargeg, is the average interdust distance, anpd
is the dust temperaturés often much larger than unity, the
dust grains can be strongly correlatgt:-13]. In this paper 1
we investigate the modulational instability of short- wkf%i( 1- m) (3)
wavelength ion wavef2,14] in plasmas containing strongly 0

coupled dust grains modeled by the generalized viscoelastic, . , . . . :
hydrodynamic theorj7]. A set of Zakharov-like evolution Which is sometimes called the ion Langmuir wave frequency.

. . . . It has been showf2] that short-wavelength ion acoustic
equations is derived and analyzed. It is found that dust cor- .
: : aves are modulated by weakly coupldd<(1) dust grains,
relation as well as dust-charge relaxation can strongly affec A - .
) and the resulting instability should appear in dusty plasmas.
the modulational process. . .
. The modulation can be by low-frequency dust acoustic
We assume that<\ , anday~ or <\, wherer is the dust waves with wavelengthh (=2/|k|) larger as well as
size, A\p=(\; ?+7;%) Y2 is the plasma Debye length, g 9

) ! smaller than that of the pump ion waves. For weakly coupled
wh|ch actual.ly als.o depe_:nds on thg dust density because Aust grains the dispergion prelation of slow dustyacofstic
quasineutralityay is the interdust distance,;  are the ion waves is
and electron Debye lengths, aids the perturbation wave-
length, or the spatial scale of dust motion. In the macro- w2~|k|%?2 @)
scopic picture of the waves the dust grains can, therefore, be k sa
treated as a negatively charged fluid witkvariable charge

where the last inequality precludes strong Landau damping
[2], the frequency of the ion waves can be written as

: . ) where
density given bynyQgy=—nyZ4e<0, whereny is the dust
density. We also assunig>T,;>Ty, me<m;<my/Zy4, and , , ZéondOTi
that NgoZgo~Nip>Ney, Wherem,, n,y, and T, are the V&= Wpghi = hom, ()
|

mass, steady-state number density, and temperature of spe-

ciesa (=i,e,d), respectively. Thus, for motion on the elec- . he d . d B \/—ZT h
tron or ion time scale, the plasma is non-neutral and wavéS the dust acoustic speed angy= y4mnyZge"/mq is the

regimes that are not accessible in neutral plasmas can bdUSt plasma frequency. For strongly coupldd>1) dust
come accessible. grains, however, the dust response can be quite different be-

lon acoustic waves are subject to modulation by the venfFause of the significant difference in the dispersive properties
low-frequency dust motion. The dispersion relation for the®f the low-frequency dust motion for weakly and strongly

ion acoustic waves is given by coupled dust graingl1,13. _ _
From the generalized viscoelastic hydrodynamic equa-
5 w§i|ko|2)\§ tions [7] for the dust grains one can obtdih3] the disper-
O = T 2% 2! 1) sion relation for the dust waves:
o 1+4]ko|°NE
2 H 2,2 1 2,2
w_+ i(wl wpg)k agn B N2 ag ©
) ) 2 T 1S YdMd d _BK2+ k_2a2 )
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where 7,, is the viscoelastic energy-relaxation time,= (¢ ) wpi wpi 8N,
+47/3)/mgngowpgaj is the normalized viscosity and 7 (' ZTA- W)V'EiLZTV'A(n__EiL)- (10
are the bulk and shear viscositieg, is the adiabatic index, © °
wq i the compressibilityl 4 is the Debye length of the dust heren is the Laplacian andn; is the ion density modula-
grains, andc=ag/Np~aq/\;. _ tion. The left-hand side if set to zero is the linear ion wave
Using the probe mod¢B,15] for dust charging we have  gquation and the nonlinear right-hand side is due to a modu-
lation of the equilibrium ion densityor the ion plasma fre-
B=1+rPwy7s\2m\;, (7)  quency. We note that the coupling of long-wavelength ion
waves to the dust motion is much weak&t since such ion

where P=Z4Ngo/Neo~O(10) and 75"~ /_wai/rwpi(l waves are almost nondispersive.

+Z40€%rT,) is the dust-charge relaxation tin{8]. The From Eq.(8) the density modulation is governed by
model is valid for stationary perfectly conducting spherical ) )

dust grains anég<\, but is often applied to dust grains in ( 7 5 A)ﬁ: ZgoNdo AJE, |2 (11)
general [3—-6]. For weakly coupled constant-charge dust o2 Usd Nio 167-rn?omd e

grains, Eq.(4) can be recovered from E@6) if we set n’
=0, 7»=0, yguq=1, B=1, and k\;<1. For strongly where the left-hand side describes dust acoustic waves and
coupled variable-charge dust grains, E&).can be rewritten the right-hand side is the ponderomotive force exerted on the
as dust grains by the ion waves. Equatiit) is valid for |K|
<|ko|, as well as fortk|>|ko| when charging and coupling
w2=|k|2v2y, (8)  of the dust grains are strong enough such taf>k?aj
holds[see also the discussion on the validity of E8).|. For
where v2y=Cyv2y and Cy=B 14 k¥(1-0.24°)/3T. The &xample, ifP~20, I'~10, [k|lag~1, andag~);, we have
condition for Eq.(8) to hold isk?a3<B«?. Satisfying this B~10 and«~1. Thus the conditionsx">k"ay and k|
condition are the long-wavelengthkgy<1), weak dust > kol are both satisfied. . .
charging 3x?~ 1) regimes for moderately strongly coupled _. Equa’gons(lO) find(ll) cons_tltute a set of cqupled parngl
dust grains [~1), and the relatively short-wavelength dlfferent!al equations describing the modul_at|on of the ion
(kag~1), strong dust chargingBx2>1) regime for highly Langmuir waves by low-frequency dust motion. For a nearly

strongly coupled dust grain§’&1). For propagating waves {QSQO;ZE)LT;QZ Sbr;o{gvvx\//?;/ee(;ig%tchyI?jzs\lt\/%/gii(t)ge (vl\(/;;lvceare]nve-
we haveC;>0, so thatk< .= V3I/B(0.24—1) whenl" 00 Lo ko

>1/0.24. In general, it is always valid singe-1 or <1, for

examplex.~3 when givenl'~100 andB~1. From Eq.(8) o . k.

one can also see that the valueCgfis very small for strong Ei=Eoexl —i(wt—k-x)],
charge relaxation and strong dust coupling, demonstrating,hiCh leads to the a
the existence of slow dust acoustic waves with ultralow
phase velocity sy and large wave numbégk|>|ko|. In this

ppearance of two sidebands (uko,k
*ko) of the short-wavelength ion waves. The corresponding
case, forag—A\,~\;<\ andkag—~1, we have|ko|\; <1, nonlinear dispersion relation for modulational interaction is

which is consistent with Eq2). It should be noted that the then[2]
terms short and long wavelengths have different meanings

2 2
when applied to the pumfihe ion wavesand the modula- Hko‘(k_"k()) i+ _(ko-ko) } i]B|Eo|2=1,
tion (the dust motion [kol|k+ko| | Dy | [Ko|[k—kol| D_
The derivation of the equations governing wave modula- (12)

tion is standard16]. First, one notes that the ion waves are . . . o . )
of much higher frequency than that of the dust waves. Thavhere the linear dielectric permittivities of the sidebands in
dynamics of each of these waves are treated as linear withifie general form are

their own time scales. The nonlinear coupling of the ion
waves is through the modulation of the backgroyodgi-

2

nally constantion density by the slow dust motion, and that P-=1 (0= wk0)2 * [k+kol2\3" 13
of the dust motion is induced by the slowly varying pondero-
motive force exerted on the dust grains by the ion wavesyhere the coupling parametgris given by
The electric fielcE of the short-wavelength ion waves can be
written as 1 k|22,
(14)

) B 32mn;T; w2—|k|zv§d1’
E=3[EiL exp—iwpit)+c.cl, 9
which governs the coupling of the ion waves to the very
whereE; (r,t) is the slowly varying electric-field envelope low-frequency dust motion.
arising from density modulation by the dust grains. Accord- The dielectric permittivities can be simplified. Accord-
ingly we have ingly, for |k|<|ko|, we have
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ko- (k+kg)]? k|2 2|k -1
{“fdik—ik‘j ~1—(%zsinzt9)(li%cose>
(15
and
D.~+2[| 1+ ! )w |k|cose, (16)
- kol 2Ng) @pi  [kol*A3

where 6 is the angle betweek andk,. On the other hand,
we have

2 2
%} ~cog oizf%cose sife (17
and
Dt 42 1+%)1 (18)
kol NG [Kol*Ag) @pi
for |k|>|Ko|.

In order to compare the present results with that fo
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w?; cos §
2| kol 2N 2L w2~ (wpilkol "2Ng )2

BlEol?=1, (22

so that the maximum growth rate correspondsitk, .
The growth rate can be obtained from E}2). It scales

differently in different parameter regimes. First, for
wpi/|Ko|*A3> w>kvq , We obtain
Ymax™ V|k0|2|k|2)\gv§dw’ (23)

so that the growth rate increases wikh Next, for w
>makusa ,wpi/[Ko|*A 2], we obtain

pi

Ymax™ |~ 27— (24
max ( TR

|k ngdwz-W) 1/4
which increases with/k. In both of the above cases the

growth rateg Egs. (23) and (24)] are independent df and
Tﬁh. In other words, the growth rates are formally the same

ras that for weakly coupled dust grains. This is because for

weakly coupled dust grains, we shall now consider severdp'9ek the parameter;” rapidly decreaseisl3]. In these two

limiting cases. Substituting Eqél5) and (16) into Eq. (12)
one obtains
2w | K|® sin? @ cos
[Kol|(L+[kol AP

BlEq|*=1 (19

for the dispersion relation of long-wavelengthk|(<|ko|)
modulation. Fory>kuvgy , we obtain the growth rate

1/3

2 5
v, WIK|® sir? 6 cosé
sd%pi | | ’ (20)

Kol *(1+ kol 72N ?)

y~

where W=|E|?/167n;,T;. For cos#=1A/3 it corresponds
to the interaction with the largest growth rate

, N[ |k|5v§dwpiw rs
T Kol 2(1+ kol 2N )|

(21)

cases the instability has a lower threshold than the corre-
sponding cases of weakly coupled plasmas because of dust
coupling and charging also make>kvgy easily satisfied
since usually vey<vey. Finally, for wpi/|k0|2)\§<w
<kvgq , We obtain the growth rate

( wyzjiW )1/2 ,
Ymax 4C1|k0|2)\§ , (25
which is independent df. However, the growth rate is now
strongly dependent on the paramefgrassociated with dust
coupling and charging. Since usuallyy<vgq (0r C1<<1),

the threshold is lower than that for weakly coupled dust
grains.

In conclusion, we have considered the modulational insta-
bility of short-wavelength ion waves in plasmas containing
strongly coupled dust grains. Dust-charge relaxation is taken
into account. It is found that the modulation of the ion waves

so that the growth rate is similar to that for weakly coupledgepends strongly on the Coulomb coupling paramEtehe
dust graingsee Eq(38) of [2]]. However, compared {0 the qst-charge relaxation time”, as well as the ratio of aver-
case of weakly coupled dust grains, the threshold of the inége interdust distance to plasma Debye lengtappearing
stability is now significantly lowered. This is because thein the paramete€,, or v and the inequalityy> kv .g).
condition y>kvsy can be easily satisfied since usually b sdb sdl

Vs <<Usq, While the conditiony>kuv 4 is difficult to satisfy
because of the large value ©f, for a typical dusty plasma.
For example, giverP=20, I'=10, andx~1, we haveB
~10 andvsdlwo.Zusd.

Substituting Egs(17) and (18) into Eg. (12), we obtain
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