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Dust acoustic waves in strongly coupled dissipative plasmas
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The theory of dust acoustic waves is revisited in the frame of the generalized viscoelastic hydrodynamic
theory for highly correlated dusts. Physical processes relevant to many experiments on dusts in plasmas, such
as ionization and recombination, dust-charge variation, elastic electron and ion collisions with neutral and
charged dust particles, as well as relaxation due to strong dust coupling, are taken into account. These pro-
cesses can be on similar time scales and are thus important for the conservation of particles and momenta in a
self-consistent description of the system. It is shown that the dispersion properties of the dust acoustic waves
are determined by a sensitive balance of the effects of strong dust coupling and collisional relaxation. The
predictions of the present theory applicable to typical parameters in laboratory strongly coupled dusty plasmas
are given and compared with the experiment results. Some possible implications and discrepanies between
theory and experiment are also discussed.

PACS numbgs): 52.25.Zb, 52.25.Vy, 52.25.Ub, 52.35.Fp

[. INTRODUCTION the dissipative processes. A generalized dispersion relation
for the DAWs is derived. The short-relaxation-time hydrody-
Plasmas containing dust particles are of much interest beramic regime and the long-relaxation-time kinetic regime are
cause of their relevance in many space and technologicdhen analyzed. It is shown that the negative dispersion in the
applications[1-3]. In the strongly coupled state the dusts short-wavelength high-dust-correlation regime are enhanced
can also form Coulomb crystals that can be easily studied, sby dissipation. Other new or modified properties such as fre-
that dusty plasmas are also of interest to basic researafuency cutoffs, multiple transitions in the wave dispersion,
[4-11]. In the last decade there has been much theoretic@nd enhanced damping are also investigated. The present
and experimental work on the very low frequency dusttheory is applicable to typical parameters in laboratory
acoustic wave$DAWSs) [12—1§, which are dust oscillations strongly coupled dusty plasmas. As an example, the predic-
driven by the pressure of the electrons and ions. Most existions of DAW wave number with frequency are given and
ing theories consider the plasma as a collisionless or weaklgompared with the experiment resufts4]. Some possible
collisional gaseous system. On the other hand, many experimplication and discrepancies between theory and experi-
ments are performed in discharges where collisional dissipanent are also discussed.
tion and dust correlation are important. Recently, several col-
lisional and other dissipative processes have been studied Il. BASIC EQUATIONS
and found to affect significantly the plasma wave properties , o
[19-23. Such processes are crucial both in maintaining the 1he average radiua of the dust grains is assumed to be
equilibrium state of the system and in determining themuch Iess.than the average |Qtergraln distafdbe electron
dispersive/damping properties of the plasma fluctuations(Ae) @nd ion ;) Debye radii, as well as the wavelength
Furthermore, it was founf24—26,28,29that the DAWs in  27/K. The dusts satisfffy<Te,;, whereT,; are the tem-
strongly coupled dust systems can be quite different fronPeratures of _the electrons and ions, respectively. Th_e charge
that in weakly coupled ones. In particular, negative disper®f @ dust grain can vary because of the electron and ion grain
sion can occur when the Coulomb coupling paramdter Ccurrents arising from th_e potential difference between the
— 2/ 6T, (Whereqy= — Z4e is the charge on the dust grain, dust surface and the adjacent plasidal. _
S the interdust distance, anty the dust temperaturebe- 'I.'h.e equations de_scnbmg the propagation of DAWS in
comes sufficiently highi25,30]. Moreover, a transverse shear c0llisional plasmas with variable dust charge g8

mode can also appef25,28|. _ 2
’ . . dnN.+V(n = — VoNaTt VignNe— n:, 1
The purpose of the present paper is to reconsider DAW Nt VNeve) = ~ Vede VionMe™ Bere D
propagation in a plasma containing strongly correlated dusts, T e
accounting for the relevant interactions among the electrons, vy o+ ——dyng=— —E, 2)
ions, and dusts. Such a unified study is of interest since dust eMe Me
coupling involves some of the physical parameters governing
gNi+V(Niv;) = = vighi + VignNe— BeiNa )
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wherev,y, is the ionization rateB«= B— Bsi, B is the vol- l o= — ma2e(8T./7mg) YNy expleApy/Te), (11)
ume recombination rate, angl; is the stepwise ionization
rate. The effective frequencies of electron and ion collisions l,o=ma’e(8T; /Wmi)llznio(l_eA‘Pg/Ti)u (12

entering Eqs(2) and (4) are v&"= vg;+ ven+ v8+ <", and
ve= i+ vin+ v¥+ 0", respectively. Herey,, andv;, are ~ WhereA ¢, is the potential difference between the grain sur-
the rates of electron and ion collisions with the neutrals, andace and the adjacent plasma.

vei and v, are the rates of electron-ion and ion-electron  The system of equations are closed by the Poisson equa-
collisions. The rates of elastic electron- and ion-dust Coullon
lomb collisions are given byw&=2v.4A exp@)/3 and v¥
=2vigAI3(7+2) 7, whereA =In(\,/a) is the Coulomb loga-

: 2_y—2 -2
rithm and Ay =Apg+ X" In general, the plasma Debye \\hareE= -V is the electric field of the DAWS, and is
length) , satisfiesa<<\, [33]. For the charging collisions we  {he electrostatic potential of the waves. For a neutral plasma

V2¢=—4we(ni—ne—zd”d), (13

have[32] the charge neutrality condition;y=ngy+ Zg4oNgo holds in
b (A D(AEP) (T 2) o Tz 4tz the equilibrium state.
Ve =¥ 4742z T vz z

(5) I1l. DAW DISPERSION RELATION
whereP=2Z4oNgo/Neg, 7=T;/Te, andz=2Zqe?/aT,. The From Egs.(1) and(3) one obtains

rates of electron and ion capture by the grain are Neo=(Vign— Veq) Berr aNd Nig=(veq/ Vig)Neo  (14)

yed:myid: ,,ghﬂ' (6)  for the stationary electron and ion densities. Assuming that
Neo z(1+7+2) the wave perturbations behave likeexdi(kz— wt)], linear-
izing Egs.(1)—(13) and taking into account E¢14) we ob-
o= pch P(r+2) 7) tain for the dust charge perturbation,
70 21+ 7+ 2)(P+1)°
. . 5 Killele ZgoNdo
which have been discussed by many autidg21,22,32 Z4=— >~ —
For simplicity, we assume that plasma particle loss is mainly 4meNeory Nio?;
due to volume recombination, and ambipolar diffusion is un- V(20— v
important, corresponding to intermediate plasma pressures. | @2 — — ed Tion/®pe ] (15)
For the dust dynamics, we use the generalized viscoelastic o Ne

hydrodynamic mod€]5,16,18,25,29given by _
where 75"= 0"+ veg=BrS" with B=1+P(7+2)/z(1+ 1
dng+V(ngvg) =0, ®  +2), €pa=1— w5/ (o] 0 +i{7g(K, ) + vyat]
- yd,udkzvgrd) is the dust dielectric functionyy(k,w)=(¢
+49/3)k?Imgngo(1l—iwTy), Y4 is the adiabatic index, and
=({+47I3)Vuy, 9) mag=(9,P)1/Tgo=1+u(I')/3+T dru(I')/9 is the compress-
ibility [5], and u(I') is the normalized correlation, or the
whereL=1+ 7., 7m= Tm(K) IS the relaxation time, ang excess internal, energy of the system. For weakly coupled
and ¢ are the shear and bulk viscosities, respectively. Furplasmas ['<1) or strongly coupled plasmas with the
thermore, v,g~4m,N,a?V,/my is the effective rate of Debye-Hickel form for the static structure factor under spe-
dust-neutral collisions, anth,, n,, andVy, are the mass, cific conditions[5,16,29, we haveu(I')~ — (y/3/2)["*2 In
density, and thermal velocity of neutrdls7]. The perturba- practice,u(T’) is often obtained by fitting data from Monte
tion dust Chargad:qd_qdo is governed by the charge bal- Carlo or molecular dynamics simulations or experiments.

L(MyNggdiv g+ MyNgo¥ngv g+ VP —ZgengE)

ance equatiofi32] For example, fitting the internal-energy data from a liquid
~ B B B (1=<I'=200) simulation, one obtainsu(I')~—0.90"
340+ v gdxda+ 15 0g= — |l eo/Ne/Neo+ |1io|Ni /Nig, +0.95" Y4+ 0.19"~¥4-0.81+ 0.01'/N, where N is the

(10)  number of dusts in the systefB]. Other quantities such as
" 5 ) ) the transport coefficients(I') and »(I'), and the relaxation
where vi'=awg(1+r+2)/\27Vy; is the dust charging time 7, (I') can also be so obtained. The forms of the latter
rate,Vri=(T;/m;)¥2is the ion thermal speed,; is the ion  can be quite complicated, so that often simplifying models
plasma frequency, anﬁj=nj —njo is the perturbation par- are used5].

ticle number density. We get from Eqs(1)—(4):
The steady-state dust charge is found by equating the
equilibrium microscopic electron and ion grain currehis ik e ikTe ﬁe
andl, flowing into the dust. These currents arise because of Ue:ﬁ Me  m.pe Neo’ (16)
e e

a local potential differenca ¢, between the dust surface and
the adjacent plasma. Accordingly, for a homogeneous and
unmagnetized plasma with thermal ions and electrons we n=— 7 (17)
have NeMe
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ik ep ikT; N, where we have useg~1. The argument for this approxi-
Vi=E— =, (18  mation is threefold: first, foP<1, we haveB~1, so that
i &=(B+P)/(P+1)~1; second, foP~O(1), we have B
~1+P/(z+1)~0O(1), sothat¢=(B+P)/(P+1)~1; and
third, for P>1, we have B~P/(z+1)~O(P) since z
~0(1), sothat¢=(B+P)/(P+1)~2 and without loss of
generality we can usé~1.
where ne= v (vion— ved + kVie, 7= vigv{"+k?V%;, and The quantitiesy* and =, clearly play important roles in
V1e=To/M.. We have assumedzdvgf}<vgf‘i , so that the  the dynamics of DAWs in dissipative plasmas with strongly
variations in the rates of electron and ion capture by the dusteoupled dusts. In certain parameter ranges it is possible to

ff
~_ EkzniO(P n Vie (2veq— Vion)kzneoeﬁp

n;= , (19
7im 7i 7eMe

arising from the charge fluctuations can be negle¢1&q. construct approximate expressions from simulations, experi-
From the dust conservation law8)—(10), we have ments, or simple theoretical models. For our purpose, we
obtain from Table 5 and Fig. 33 of Rdb]
~ k?ngo€ Zgoe/m
Ng= il . (20 7% ~0.02T, (24)

o[ +i(7y(k o)+ vng]— Yardk?Vig
_ _ which is from the one-component-plasma model and is valid
and vy= wny/kngy. Substituting Eqs(15), (17), (19), and  for 10<I'<200.
(20) into Eq. (13), one obtains the dispersion relation of  Writing w=w,+iw;, we get from Eq.(23) the coupled

DAWSs in a collisional plasma: equations
2 2
(O k2 *
€pat —— e+ —— £=0, (1) 20+ S+ 7 —0, (25
e i (1+ mei)2+(7—mwr)2
where §|:B[1_(Zdondolnlo)(ved/;gh)]:(B+ P)/(P"’ 1) [l+7'm(2(1)|+ Vgﬁ)](wr2+w|2):D, (26)
and &= B— v*"(2veq— vign) &/ 7i . Note thaté;>1 sinceB
>1. for the DAW frequencyw, and the damping rate;. We
It is convenient to express the relati@il) as have introduced the dimensionless quantiy yquk?\3
, +(K?+ Rk?)I[K2+ (1+R) k2].
Wpd 14 ¢ To complete the equations, thedependence of, is
ol o+i{ng(K®)+ vog] = yaudk®Vig KD heeded. One can writé]
22
22 7K = 7 (0)Y(K), (27)

where C=[78+ (P+1)81/(P+1+7), 8.=k®V3 el 76,
and 5i=k2V$i§i/ni. For many dusty plasmas we have
<1 and78,<(P+1)6;, so that one can write

wherer,(0)=(7*/\3)[1— yquq+4u(T)/15] L. Assuming
a Gaussian distribution fdk with the scalingk*, we have
Y (k) =exd — (k/k*)?]. Thus, (k) decreases rapidly witk.

K2\ 2 However, for numerical work it is often convenidbf to use

C~&—t—, the Lorentzian distributiory (k) =[ 1+ (k/k*)?] L.
K25+ R
. I IV. NUMERICAL RESULTS
where we have ignored the electron contributiom\{p so
that C~ 6, and R= vidvﬁﬁlwgi represents effective dissipa- For the regime of strong dust coupling, Kaw and Sen
tion. In many earlier studies, the weak-collision lindie1  investigated both the hydrodynamieds| r,<<1) and kinetic
was consideref25,26). Here we are interested in collisional (Jo,|7,>1) limits [25] without including dissipative and
plasmas that are typical for laboratory studies of dusts ircharging processesi=0 andC=1). We shall present here
plasmas. a more complete picture solving Eq25) and (26) exactly.
Normalizing all the time and space quantities by the in-Accordingly, we obtain
verse dust plasma frequena;.gd1 and the average interdust 3 ) 2
distance &, respectively, and introducing »* = (¢ I = (14 Tqpng) F 2+ GF = 7 D=0, (28)
+47/3)Imgngowped®, k= 8/\,, one obtains for the gener- 1 1—F
alized DAW dispersion relation: w=——| v+ _)
i nd T '

5 . (29

o(0+ivng) — YaugdkPNi+Hi ok n* [(1—ioTy)

2__ 2
— (1+C?IkD) L, 29 or=PIF el €0
where F=1+7,2w;+vng) and G=72D+ 1 K27n*
+ 7mVng- SinceD may be negative for strong coupling, there
is a lower cutoff fork in certain cases.
K2 The properties of the DAWS in the strongly coupled re-
gime can be made clearer by numerically evaluating Egs.

CN —l
k2+ R k? (28), (29), and (30). In Figs. 1-4 we show the DAW fre-

where w, k, 7, Vg, €tc. are now dimensionless, and the
dimensionless parametércan be written as
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FIG. 1. The real normalized frequeney /w,q versus the nor- FIG. 3. Same as in Fig. 1, but fef,4=0 (solid ling), 0.2 (long-

malized wave numbekd for I'=20 (solid line), 60 (long-dashed dashed ling and 0.8(short-dashed ling atI"=20.

line), and 200(short-dashed lineat k=0.2, v,4=0.2, andR=1

for (a) constantr,,,, and(b) k-dependentr,,. appearing at largek values as a local frequency minimum
and maximum, respectively, vanish for larfje When the
relaxation time isk-dependenfFig. 1(b)], the transitions in

uenc versusk for different values of the coupling pa- - . - . -
q ty(l:)r th i fth interdust dist P gtpth the DAW dispersion tend to disappear singgand its effect
rameterl’, the ratiox of the average interdust distance to the, _ icp oo rapidly ak increases.

plasmath?]byeﬁ!en?th, tlhe dusctl—_ne_utr?I collision frequency In Fig. 2, we plotw, versusk for k=0.2, 0.8, and 2.0
Vnd, an e effective plasma dissipative parametgrre- with I'=20, v,q=0.2, andR=1. Here, we see that the

speptively. Without loss of generality we ignore the contri- DAW dispersion depends strongly onat all wavelengths
but||0r|1:_0f tlhe elecl:trtot?]s tgA"’:/r\]/de' h except fork—«. As k is increased, the first transitio@

? Lgf ;VS g(;) 608 q z(r)%quain_cggrzversu_so Ze wa\ée local frequency maximuinoccurs at lower frequencies and
;’zef (13rWor _th ,tth ' af? g ’ th_ bA,VI\//nfd_ £y anc eventually disappears, so that there is a fundamental change
— 1. Ve see that tne efiect ot on the requency is i, the dispersion properties of the DAWSs at long wave-
strongest in the short \{vavelenth regime qnd .there IS almo?éngths. Again, the second peak in the dispersion curve does
no effeqt forks_l. Multiple transition behavior in the DAW not exist if the relaxation time is-dependent, and the DAWs
dispersion at highek values usually appears. For constant large k behave very differently fork-dependent and

m [Fig. 1(@], we see that the first transition, a local fre- -independent relaxation times.
quency maximum ab = wr,max » 0CcUrs ak=k;.~0.8, and In Fig. 3 we plotw, versusk for v,q=0,0.2 and 0.8 for
w; max 1 decreases witlh'. The second and third transitions, ['=20, k=0.2, andR=1. Here, the DAW dispersion is
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c
3
g 0.8 % §. 0.8
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FIG. 2. Same as in Fig. 1, but for= 0.2 (solid line), 0.8 FIG. 4. Same as in Fig. 1, but foR= 0.1 (solid line), 1.0

(long-dashed ling and 2.0(short-dashed lineat I" = 20. (long-dashed ling and 10(short-dashed lineat I" = 20.
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V. DISCUSSION

% It is necessary to determine the physically relevant values

2 of R~ vidvieﬁ/wf,i, representing the relative importance of

g the ion-dust charging collision and the effective ion colli-

3 sions with the other particles. For typical gas discharge plas-
mas, say argon at intermediate pressures Wigh 1 eV, T,
=0.1 eV, andN,~5x 10" cm 3, and assumingre,~1.5
X101 cm 2 and oj,~3%x10 *®* cm 2 [21,29, we obtain
Ven~1.8x10" s ! andv;,~4.2x 10° s~ L. Further assuming

o that njo~10' cm™2 and n,,~0.5n;o, one obtains for the

g electron-ion and ion-electron collision rateg;~10° s !

£ and v;,~2x 10" s71. The ion plasma frequency igy;~2

§ x10" s71. Thus 7=T;/T,=0.1, P=Z4oNg4o/Neo=1, 2~ 3,

2 L B~1.25, &~1. From the dust charging rate}'= awsi(1
0 1 2 3 4 5 +7+2)/J27V+;, one can obtain$"~10"a, wherea is the

wave number dust size in micrometers. Thust"~ 10fa, »®'~107a, so that

eff _ el ch el \7
off = 3o+ vy + v+ N~ 8~ =0. .

FIG. 5. The normalized damping rai /w,q versus the wave ;; ; ”"11%5'? Vi tr’:' tRi 12;}‘ f02r Na 2?4(:; ,uI;nf ”N0te
vectorké for (a) T'=20, k=0.2, andR=0.01 for v,4=0.2 (upper al vig a, o thatR=wqv; /& wp~a/40. It follows
lines and 0.8(lower lines; (b) T'=20, k=2, andv,g=0.2 for R that the valuesk=0.1,1.0, and 10 in our numerical calcula-
= 0.01, 1.0, and 10lines from bottom to top The solid and  tions correspond to, for example~2,6, and 20um, re-

dashed curves are farindependent anét-dependentr,,, respec- ~ SPectively. It should also be mentioned that we have ne-
tively. glected the variation of the electron and ion captime the

dustg rates arising from wave-induced fluctuations in the

strongly dependent on,q at all wavelengths. Otherwise the average dust charge, and this assumption may not be appli-
dispersion behavior is similar to that for thkedependentr,,  cable for larger dust particles and higher ion densits.
case, there is again only one local frequency maximum. IFor example, fon;,~ 10" cm™2 andZ4,~ 5000, a dust size
decreases withv,4 and occurs at smalldrvalues. The back of a<100um would be required, corresponding .
transition frequencyw, n, increases withv, 4 and occurs at  ~250.
smallerk values. The transitions tend to vanish &g be- It is of interest to compare our results with that of existing
comes sufficiently large. experiments and weak-coupling theories. For convenience,

In Fig. 4, we presend, versusk for R=0.1, 1.0, and 10 we shall compare with the work of Pieper and Gof&4]
atI'=20, «=0.2, andr,q=0.2. We see that the dissipation and use their experimental parameter values. Although their
parametefR plays an important role on the DAW dispersion experiment was under strong-dust-coupling conditions, the
only for k<1. It has almost no effect on shorter-wavelengthDAW dispersion relation from a weak-coupling theory as
DAWSs. For smallR, the result approaches that far=1, given by Eq.(2) of Ref.[14] seems to fit the experiment data
when electron and ion capture by the dusts as well as collivery well. This striking observation leads to many arguments
sions can be ignored. In this case the long-wavelength DAWAnd discussions invoking mechanisms such as dust shielding
dispersion relation becomes the same as that—(kcy, [16,29, the effect ofx [14,27], the competition and transi-
wherec, is the dust-acoustic speedf the classical DAWSs. tion between the longitudinal DAWs and the dust lattice
On the other hand, @R increases, the DAW frequency cut- waves(DLWSs), or between the transverse shear waves and
off (atk—0) w=w, also increases and approaches the dusthe DLWs[27,28, etc. For the purpose of comparison, we
plasma frequencyd.~1). This is not surprising since for rewrite the generalized DAW dispersion relation E23) as
large dissipation R>1) the right-hand side of Eq22) is

nearly unity, so that the coupling of the dusts to the electrons K2— 1 C(R+1) (31)
and ions is lost, and only characteristic dust oscillations re- H—w(w+tiv,g) '
main.

In Fig. 5, we present the imaginary past of the DAW  Where
frequency versus the wavelendtffior several parameter val- o,
ues used in Figs. 1-4. We see that for seadine can hardly H=1— lon™ N2 | 2K2 32
distinguish the damping rates f&=0.01,1.0,100. However, l1-iwry Yaktaha [ 15 (32
whenk is increased £ = 2), differences among the damping _ _ _ _
rates appear. We also see thatfheependence of the damp- andk is now normalized bjkp=1/\,. The dispersion rela-

ing rate is weak for both small and largevalues. tion (31) is in a form similar to Eq(2) of Ref.[14]. In the
Numerically, one can show that in general the parantgter limit =1 andR=0, Eq.(31) reduces to the latter.
decreases from 1 &=0 to a(negativé minimum value at We solve the dispersion relatigB1) numerically and the

somek, and then increases to 0 lat-«. Therefore in the results are given in Fig. 6, which corresponds to Fig. 2 of
regime of smallk the damping of DAWSs is mainly deter- [14]. The corresponding value of the dissipative paranigter
mined by dust-neutral collisions. Furthermore, thdepen- Was estimated as follows. It is found th#gongo~10""%,
dence of the relaxation time also greatly enhances the dampspi~10°"9, vjg~10° 0§"~10°"7 for P=1, a~1 um and

ing of short-wavelength DAWSs. Ap~1mm (note that our\, is \p in [14]). Furthermore,
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~0.18,0.20,0.19,0.96 arR,,,,~0.021,0.040,0.20,0.19, cor-
responding to the experiments shown in Fig. 2 of R&f],
respectively.

In Fig. 6, we also show the results from the weak-
coupling theory and the experimenjts4]. Figures 6a) and
6(b) show that the difference between the results of our Eq.
(31) and that of the Eq.2) of Ref.[14] is hardly distinguish-
able. This is because at low dissipatidR<€1) and small,
moderate couplingl{=<32) introduces little modification to
the classical DAW dispersion. However, for hidh=2400
the difference between the weak and strong coupling theories
is evident. Furthermore, the strong-coupling theory seems to
agree better with the experimental results at low frequencies.
In particular, there always exists a purely damped mode
when the frequency vanishes. On the other hand, Ifor
= 2400 the validity of Eq(24) may be violated. We did not
make a comparison for a case corresponding to Fig). i
[14] since there th&' value is too high for our fluid theory to
be valid.

In conclusion, using the viscoelastic hydrodynamic theory
with finite relaxation time, we have investigated longitudinal
DAWSs in a collisional plasma with highly correlated dusts.
A generalized formula for the DAW dispersion relation in-
cluding the hydrodynamic as well as the kinetic regimes is
obtained. It is shown that accounting for ionization and re-
combination, dust charging, as well as dust relaxation results

FIG. 6. The realk,) and imaginary k;) wave vector versus the in a modification of the dispersion and damping properties of
frequencyf = w/27 from Eq.(2) of Ref.[14] (solid line), and from  the DAWS. It is also shown that competing parameters such
Eq. (31) here (dashed line, note that the parameters are dimenas the Coulomb coupling parameter, the ratio of the interdust
siona). The squares and’s are from the experimental data of Ref. distance to the plasma Debye radius, and the dust-neutral
[14] for k. and k;, respectively.(@ I'=32, k=0.15, w,q/27 collisional frequency strongly affect the behavior of the
=3.2, vpq=1.22, A\;=3.85 mm, andR=0.021; (b) I'=11.4, « DAWSs. The competition of these parameters may also ex-
=0.18, wpg/2m=4.6, vpg=1.13,A ;= 2.56 mm, andR=0.040;(c) ~ plain why weak-coupling theories seem to work for strongly
['=2400, k=0.24, w,gl27=9.0, v,4=1.00, A\p=1.19 mm, and  coupled dust systems. Furthermore, the multiple transitions
R=0.20. found in the wave dispersion depend sensitively on these

parameters. It is expected that the phenomena observed here
since v~ 1f~101"2p,4y~107"° for 7<1, we obtainR  can also occur for the newly discovered transverse mode
~10 3 to unity. For typical gas discharges<1, and we [25,26,2§ in strongly coupled dissipative dusty plasmas.
assume that this is also valid in R¢L4]. Since most elec-
trons participate in charging the dusts, we h&z1. There- ACKNOWLEDGMENTS
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