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Dust acoustic waves in strongly coupled dusty plasmas

M. Rosenberjand G. Kalmah
IDepartment of Electrical and Computer Engineering, University of California, San Diego, La Jolla, California 92093
2Department of Physics, Boston College, Chestnut Hill, Massachusetts 02167
(Received 23 June 1997

Dust grains, or solid particles gim to subum sizes, are observed in various low-temperature laboratory
plasmas such as process plasmas and dust plasma crystals. The massive dust grains are generally highly
charged, and it has been shown within the context of standard plasma theory that their presence can lead to new
low-frequency modes such as dust acoustic waves. In certain laboratory plasmas, however, the dust may be
strongly coupled, as characterized by the condifigr- Q3 exp(—d/Ap)/dT,=1, whereQq is the dust charge,

d is the intergrain spacingly is the dust thermal energy, ang, is the plasma screening length. This paper
investigates the dispersion relation for dust acoustic waves in a strongly coupled dusty plasma comprised of
strongly coupled negatively charged dust grains, and weakly correlated classical ions and electrons. The dust
grains are assumed to interact vidsareened CoulombYukawa potential. The strongly coupled gas phase
(liquid phaseé is considered, and a quasilocalized charge approximation scheme is used, generalized to take
into account electron and/or ion screening of the dust grains. The scheme relates tHe dispksion to the

total correlation energy of the system, which is obtained from the results of published numerical simulations.
Some effects of collisions of charged particles with neutrals are taken into account. Applications to laboratory
dusty plasmas are discuss¢81063-651X%97)04212-§

PACS numbeps): 52.35.Fp, 52.25.Vy

. INTRODUCTION = (47nyQ3/my) 2, the dust plasma frequendpereny is
the dust density and with phase velocity v,

Dust grains, or solid particles gfm to subum sizes, are  <the ion thermal speedout much greater than the dust
observed in many plasma environments, including spaceéhermal speed Further, in analogy with the ion acoustic
plasmas(e.g., planetary rings, comets, noctilucent clguds jnstability, dust acoustic waves can be unstable in the pres-
[1-2], low temperature laboratory plasmas used for processsnce of currents, and are excited primarily by ions drifting
ing and tools[3-7], and “plasma crystals,” or Coulomb it speeduy™> v, relative to dust grain§15,16. We note
lattices of charged dust grains in a plasf@-11. Dust recently the dust acoustic wave has been observed in a
grains that are immersed in plasma and/or radiative environgajicated laboratory dusty plasma experimdn, using a
ments are electrically charged owing to processes such g, nig |aser beam to illuminate the dust, and a video camera.

plasma current collection, photoemission, or secondary emis|=he wave was reported to have been excited by ion drift in

sion. Due to the collection of electrons and ions from h i d had lenathnot 0.6 i
the plasma, for example, the grain acquires a negativé € system, and had a waveleng -0 €M, a propaga
surface potentialgs (relative to the background plasma tion speed of-9 cm/s, anq a frequency 15 Hz[17]. There
potentia) much like a small floating probe in a plasie]: have peen other observations of veryllow—frequency fluctua-
tions in laboratory dusty plasmas which have been hypoth-

the charge on a grain of radiua is given by Q4= . ; >
—Z e~aps, where ¢, is determined byep./T;=1  ©sized to possibly be dust acoustic waves. For example, low-

— (M To/meT)¥2 exple¢s/T) [1]. Grains in a laboratory frequency fluctuations of order 12 Hz have been reported
plasma are generally highly charged: for example, an sjsgunder certain neutral gas pressure conditions in Coulomb
lated” 1-um grain in an argon plasma wifi,=3 eV has a solid experiment$18], and these fluctuations have been sug-
charge stateZ,=695(um)|¢ps(V)|~10". However, the gested to be dust acoustic wads]. Very low-frequency
dust grains are orders of magnitude heavier than ions: folluctuations of order of 10 Hz have been reported in a dusty
example, the massy of a 1-.um grain with a mass density plasma formed in a low-frequency discharge, and it was sug-
of =1 g/cn? is about 187 times the proton mass. It has been gested that the waves could be either dust acoustic waves or
shown within the context of standard plasma theory that théonization waveq20]. The latter paper also points out that
presence of dust grains, which have very low charge-to-maggdust in laboratory plasmas can often be strongly coupled, and
ratios, can give rise to new low-frequency waves associate@alls for theory on waves in strongly coupled dusty plasmas.
with the dust grain dynamics, such as the dust acoustic wavgecently, a theoretical study of dust lattice waves in the solid
[12-14. phase has been reportgzil].

The dust acoustic wave is the analog of the ion acoustic Indeed, in various laboratory dusty plasmas, the dust
wave in a very low-frequency regime, where the dustcharge density can be sufficiently high so that the intergrain
mass provides the inertia and the electrons and ions provideoulomb potential energy can be larger than the dust thermal
the pressure to sustain the wayé3]. Dust acoustic energyTy. The Coulomb potential energy between dust
wave frequencies are generally orders of magnitudgrains is of the order of Qﬁ/d)exp(—d/)\D), where d
smaller than typical ion wave frequencies, with<wpq =(3/4mn4) 3 is the average intergrain spacing, and the ex-
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ponential factor takes into account the screening of the dust Il. ANALYSIS
charge by the plasma over a distance of the Debye lexgth A Model

[8]. The dust grains are strongly coupled when
We consider a partially ionized plasma comprised of

dez d negatively charged dust grains, electrons, and ions, in a
Pa=g7exn — )\—) =I' exp(—x)=1. (1) background of neutrals. The density of dust grainsis the
d D density of the ions, electrons, and neutralg;isn,, andn,,,

For example, using the following nominal values representa€SPectively, and the temperatuce thermal energyof each

tive of certain process plasmas where dust is localized ne&Pecies isT,, wherea=d, e, i, andn refer to dust grains,
plasma-sheath boundariés.g., Ref.[7]): T,=2 eV, n,=3 electrons, ions, and neutrals, respectively. The model system
x10° cm™3, a=0.3 um Zd:i03 and nd>elo4 cmi3 Iand comprisesN strongly coupled dust grain®y=N/V, where
assuming the dust thermal energy is of the order of the ion oY IS the three-dimensional volume of the sysjemtich in-
neutral temperaturel;=0.05 eV, gives">100. When the teract with each other via a screened Coulomb potential en-
dust grains are strongly correlated, the standard plasma th&[9Y

oretical description of dust acoustic waves needs to be modi- 7262

fied to takg into account t.he effect qf strong (;orrelations_ in H(r)= i exp(—r/\p), )
analogy with analyses of ion acoustic waves in electron-ion r

plasmas[22,23 and liquid metals24,25. In the case of where Z4 is the dust charge state, andg, is the plasma

dusty plasmas, however: the e'?"”"”s and ions are classicﬁ bye length. The exponential factor takes into account
and weakly correlated sinag e\p>1 (heren; andne aré \yihin the linear approximation the screening of the dust
the ion and electron densities, respectiyelgnd provide  cpharge by the plasma electrons and ions, which are weakly
screening of the dust charge with a screening length given by, re|ated and classical, with the number of ions or electrons
the plasma Debye lengtty, . In this sense, the dusty plasma i, 5 pebye sphere being very large. These plasma particles
is similar to a strongly coupled colloidal suspension, where,qyide screening of the dust charge, like a Debye sheath
the classical charged colloidal spheres interact via a screengghich develops around a small probe in a plasma. The
Coulomb potential, with the screening provided by the counyrength of the intergrain coupling in this system is charac-
terlon_s(e.g., See Refj{26,2ﬂ). ) i _ terized byI'y, as given in Eq.(1). Thus the system of
This paper investigates the dispersion relation for duskyongly coupled dust grains is characterized by two param-
acoustic waves in a strongly coupled dusty plasma COMatars: the Coulomb coupling paramefer Zﬁezlde, and a

pnzedf of s:(rlongly Clot’p(ljedl ne_gatln{ely che:jrg?d IdUSt g{?}'n arametek=d/\p, which is a measure of the magnitude of
and of weakly correlated classical lons and electrons. 1herg,. st grain charge screening by the plasma, as in Refs.

is also a neu_tral gas_background present, anc_i collisions 8,29. The linear Debye length in a plasma wilh#T,
charged particles with neutrals are taken into accoun e . . _ 2
and no drift is approximately given byhp=(1/\p;

through a phenomenological collision frequency in the dis- 2 N_1/2 : .
persion relation. The dust grains are assumed to interact with 1A de) L8] Howe_ver, n Iaborafcory dusty plasma envi-
each other via a screened Coulofvukawa potential. The ronments, the dust is often localized near or in plasma

strong coupling between the dust particles leads to crystalli§heaths' where the electric field of the sheath provides a elec-

zation at a sufficiently high coupling vali27—29. For high trostatic force to levitate the grains. Since the ions come into

coupling values, but below the crystallization limit, the dusttN€ Sheath with speeds of the order of the ion sound speed
plasma is in a “liquid” phase with a strong short-range or- according to the Bohm sheath criterion for a dust-free dis-

der. It is this phase we focus on. Our approach is based offia"g€ it has been suggested thgtmight be better mod-
the quasilocalized charge approximati@LCA), which was ~ ©/€d byAp~Ape [8]. _ ,
developed to describe the dynamics of such strongly coupled 1he correlation between dust grains can be characterized
plasma systems. It has been applied to a number of one- afy the equilibrium pair correlation functiog(r) [g(r)—0
two-component situation§30,31: here it is necessary to aSf—]which gives the probability that there is a grain at
generalize it to the present scenario where the weakl{ distance from a given grain.
coupled electrons and ions provide a polarizable background.
We are interested in analyzing dust acoustic mode dispersion
in the smallk domain. The QLCA relates the sm&lldisper- The dispersion of the collective modes can be obtained
sion to the total correlation energy of the system: this lattefrom the dielectric functiore(kw) of the system. In the case
can be obtained from the results of numerical simulations obf strong correlations there is no standard method to calcu-
Yukawa systems in Ref$28,29. late e(kw). However, for the domain we are interested in the
The plan of this paper is as follows. Section Il describesguasilocalized charge approximation which has been devel-
the model plasma, gives the method of analysis, and derivegped and used to determine the dielectric response function
the longitudinal dielectric response function based on thend plasmon dispersion for various strongly coupled Cou-
QLC analysis. The dispersion relation for dust acoustidomb systemg30,31] can be employed. The main physical
waves in the smalk limit is derived and discussed in Sec. feature of strongly coupled Coulomb systems upon which
III; we also provide a careful analysis of the various energieghis model is based is that the charges are quasilocalized
involved in the description. The effects of dust-neutral colli-whenI'>1, but smaller than the critical value for solidifica-
sions are considered in Sec. IV. Applications to laboratorytion. The QLC approximation describes the motions of the
dusty plasmas are discussed in Sec. V. system around the average configuration represented through

B. Dielectric response function
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the equilibrium pair correlation function. The model re- with
sembles that of a disordered solid in which the particles oc-

cupy randomly located sites and undergo small amplitude B 47TZ§e2
oscillations around them. Inherent in the model is the as- d(k)= P (6)

sumption that the sites’ positions change on a much longer

diffusion time scale; “direct thermal effects” associated the Fourier transform of the screened Coulomb potefdial
with this slow diffusion of the quasisites are thus neglectecergy) Eq. (2), with kp=1/\p, the Hamiltonian become$or
compared to correlational effects, which is a good approxidetails, see Ref30])

mation forI'y>1. On the other hand, the effect of the dust

and plasma temperature on the probability of particular con-

figurations of quasisites is included via tReand « depen- H= %; TkuT =k,

dence of the equilibrium pair correlation function. It should

also be noted that since the diffusion time is of the order of N , K.k,

d/vy, whered is the average distance between dust grains, +5; Dw(k)“L“’pdm Eku€ kv

anduvg is the thermal speed of the grains, ahe A which

is much larger than a “dust Debye length” defined wigq [ V2 -

=(Tyl4mZ%e’ny)'? the QLC approximation should be vV (m_d) ; Ky P(=KDE k- @)
good for wave frequencies of the order of the dust plasma

frequencywyq. The central role is played by the dynamical maty, (k),

We use the QLC model adapted to the Yukawa system to
determine the linear response of the system to a small per- nd 4.9,
turbing external scalar potentidl. This is done by first con- DK==~ Eq: K [9tk—a)—g(@)] (®
sidering the microscopic equations of motion for the rapid
oscillations of the dust charges about their slowly driftingn order to arrive at this expression, the central assumption of
equilibrium sites, and then calculating the linear responsethe QLC model has been used, which consists of replacing
Following Ref.[30], let X; ,(t)=X; ,(t)+&; ,(t) be the mo-  the unperturbed microscopic dust density
mentary position of théth dust grain, withx; , its quasiequi-
librium site position, and; , the perturbed amplitude of its N e
small excursior(the subscripts andj denote dust particles, nk:Z el
and u and v denote three-dimensional vector indiceEhe =t
microscopic equation of motion of thigh particle can be by its ensemble average, using
obtained from the following Hamiltonian for the system:

2

(N =NJ,

1
H:—Zmd EI Wi,uWi,ﬁ%iEj Kij, wv€i b o(a)
5q+T +N5p+q!

(Npngy=N2844

J -
+ 20 €5 PO (3 _ | o
[ Xi whereg(q) is the Fourier transform of the equilibrium pair

correlation functiong(r). Using Hamilton’s equatiorgy ,

Here®(x;,t) is the external potential, arid; ,, is given by~ _ oMl . the resulting equation of motion for
92 i u(w), the Fourier transform ofy ,(t) is then
Kij,;w:(l—5ij)md}(lxi—ij N2 »
2 Sulw)=y my kI Pk, o), C)
=82 (1-8) 7———d(x—x), @
] ‘9X|,M3XI,V where

wherem; ,=myé; , is the momentum conjugate &, , and kK,
¢(r) is the screened Coulomb potential given by E2). I,,=0?8,,— w5y ﬁ;—ow(k). (10)
The diagonal terms in Ed4) arise from the displacement of D

a dust particle in a fixed environment of the other particles,
while the off-diagonal terms arise from the fluctuating envi-
ronment 30]. Introducing the collective coordinatég , and

To calculate the dielectric response tensor, the relation
between the equilibrium average of the perturbed micro-
scopic dust density and the collective coordinate response of

T the systeniEq. (9)] to a perturbation(i)) is used. This gives
. — ik~Xi n ~
iou (Nmy) 72 ; Gk p(K,w)= Hd kK, Ok o). (11)
d
1/2
o= (ﬁ) 2 e elkex (5) From the formalism of partial response functigBg], the
beOUN o ks ’ longitudinal response of the system can be characterized
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through the “external” and “total” density response func- k2 1
tions y(k, ), x(k, ), respectively, defined by D(k—0)~ 2 il
=3 T = 5 2 4 4
p(k,w)=x(K,0)P(k,w)=x(K,w)P(k,w), (12 | 1- q q (19

A 3 [q2+k ] 5 [q2+ k%]Z g(Q),
where the total potentia® (kw)=P(kw)+P;q(kw) con- )

tains also the first-order potential resporBgy(kw) to the W€ now relateD to the dust correlation energy per par-
d perturbation. Sincab;y(kw)= ¢(K)p(kw), where (k)  UCle Ec, which is defined as

is the Fourier transform oj the Yukawa potential as given by E 1 47722

Eq. (6), it follows that y(kw)=x(kw)[1+ ¢(K)x(kw)] —t_ dz 9(q),
[32]. Then, from Eqs(11) and(12), for the longitudinal total ng 2V <G g*+tkp
response function we obtain

(20

We note that, in the limikkp=0 (i.e., the case of a pure

ng K2 Coulomb interaction potential where=d/\p=0),
X(kw):m_dA(kw)’ "~ D(k—0 4 k2d? Ee 21
" (k=0)~ 7z T, (21)
which is the standard result for the OGBne-component
A(kw)=w2—w,2)dD(k) (14) plasma [30,31], for which there are available analytic fit
expressions for the correlation energy. For a strongly
and coupled Yukawa system the energy relations are somewhat
more complex. The total energy of the combined plasma-
(Kk, dust system consists of the kinetiK) and potential ()
pd'D(k) = % energies,
2 E:Kp|+Kd+U. (22)
pd S LS9 gk-a-g@)].
3 k2(q2+k The latter can be decomposed as
(15) U:Ug|+Up|,d+Ud+ 5Up|, (23)

The longitudinal dielectric response function finally becomesThe four terms are, respectively, the potential energies asso-
ciated with the interaction between the plasma particles in
K2 wgd the homogeneous plasma, the interaction between the plasma
e (ko)=1- (k) x(kw)=1— prDE m . (16 and dust particles, the interaction between the dust particles,
D and the change in the plasma potential energy due to the
inhomogeneity induced by the presence of the dust particles;
Ill. DISPERSION RELATION all these terms are to be calculated, in principle, through the
actual Coulomb interaction. In the so-called adiabatic ap-
The dispersion relation for dust acoustic waves is obfroximation [33] the dust-dust Coulomb interaction is re-
tained from Eq(16) using €, (kw) =0, which gives placed by the screened Yukawa potential; the plasma loses
its dynamical properties and ceases to contribute to the en-
ergy. As a resultJ can be rearranged with reference to the

2
Tz +D(k)) (17 dust particles only:

2
(kK)=w; A K2+ K3

U=E+Ep,=E.+Ey+Ep=Egt+Ey. (24
In the following the smalk limit of D(k) is considered,
in which case the dispersion can be related to the total cor- The meaning of the different terms in EQ4) is as fol-
relation energy of the system. In order to expan) for  lows (all energies are given per dust partjcle
small k, we first change variables in the first term in the

brackets in Eq(15) to obtain Eim:%ndf & (1) {1+g(r)} 25

e — )12 )2
D(k)zl 2 [k-(k=9)] — (k-q) (q). is the total (positive interaction energy between the dust
V; K (k—a21 121 Kkra2rk2t/94d ! _ . '
[(k—a) o] [a bl particles, via the screened effective potentidk); it con-
(18 sists of the positive Hartree term

Then expanding for smald [e.g., expanding the denominator N 3 3

of the first term in Eq(18) using q?+k3>k?—2k-q], re- EH:Endf dr $(r)=+5 2 I'Ta, (26)
taining terms to ordek? which are even irk-q=kq cos#,

and integrating over c@s gives, after some algebra, and of the negative correlation term
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za Ec _
Eo=dna | ot ang) =3 S 2 ”—"efg (@). =0l +b(T () +d(r . (30)

@7 Here a(x)=Ey.{ )+ «/2+a(«), where the bcc Madelung
It is this latter that enters into the expansion of the dynamicaenergy is, to ordek?,
matrix, Eq.(19). Finally E,, can be identified28] as the free

— 2 4
energy associated with the binding of the Debye sheath sur- Eped #) = —0.896-0.104¢"+0.003« (3D
rounding the dust particle and
Z —~
E, = _%j &r Spy(r) rie __ % T, (28 A(x)=—0.003+0.0012 (32)

The coefficients are given, to ordef, by
where épy,(r) is the deviation of the plasma charge density

from its uniform value around a dust particle. It can also be
regarded as a reduction in the dust self-energy due to the
screening,

K
-5+ a(k)=—0.899-0.103«?+0.003*

=ag+ayk’+a,k?,
Ep= 0Esei=3{(r—0;x) — $(r—0,k=0)}.

b(k)=0.565-0.026¢°— 0.003c*=by+ b,x?+bx*,
The “excess energy’E.,.is the portion ofU which remains
finite in the k— 0 (unscreenedlimit; it is this energy that is (33
extracted from the molecular dynamics simulation studies of ¢ ()= —0.207-0.086¢2+ 0.018*=co+ Cox%+ C4x?,
strongly coupled Yukawa systems in REZ8]. The results of
Ref.[28] are valid in the regime< 1. Thus we consider this ()= —0.031+0.042<*— 0.008"*=do+ d, x>+ d,x*.
limit k=kpd=<1, where the average intergrain spacing
(=[3/47n4]*®) is less than or comparable to the plasmalt is interesting to note that the term linear inin E. plays
Debye length; this may be applicable to the dusty plasmas ino role in Eq.(35) below, and, therefore, for the purpose of
process plasmd®28] or to certain dusty plasma experiments this computationE. can be, in fact, replaced ty,,.
[34]. We note that, in contrast to the OCP expres<i@1), Thus the dispersion relation for the dust acoustic wave in
the expansion ofD(k), Eqg. (19), is not immediately ex- this approximation becomes
pressed in terms df;. Nevertheless, as long agq) does

not vary significantly withx, D(k—0) can still be related to w_z — K22 + (k. T) (34)
E. and its derivatives. In fact, in the regime of interest this wgd k2d®+ «? o
seems to be the case, as can be gleaned from Fig. 6 of Ref.
[28], which shows the correlation functions for both the OCPwhere, fork<1, f(«,I")<0 is given by
and for the Yukawa systems. Then using the relatidrese 1 ) 5
— .2 K K
y=x%) 2 f( D)~ 22 T || @0+ az 5 + 62,k | T+ | byt b,
Q° 9 ( y )
—_—— — | =, K
(9 +kp)? q°d*+y +6b,k* | T3+ | co+c, ?+6C4K4
q4 1 072 y2 K2
(I3 ga—yz Pty +| do+dz 5 +6dsk )F‘lB}. (35
we obtain, from Eq(19), In the regimekd<« (i.e., k\p<1), Eq. (34) gives
D(k—0) w?~k2c2[1+f(k,T)k?], (36)

2
~2(kd)? i [Ec 57 (YEo)+ 29 — (y%E )} wherecg=w,q\p is the dust acoustic speed.
I'Tq 3ay 5 gy Now we can discuss the effect of the strong dust-dust
(29) correlations on the dust acoustic wave dispersion relation.
There appear to be three effects. The first is a softening of
Analytical expressions for the dust correlation energy can béhe mode dispersiofiEqg. (36)], with the phase speed de-
obtained from Refs[28,29, that give expressions for the creasing sincé(«,l1')<0. Figures 1 and(@) show this soft-
excess energy which fit their results. The excess engggy ening of the dispersion relation for fixddand various val-
calculated in those studies also includes, as noted above, thies ofk. Note that the region of the curves where 1, that
term SEqo= — (k/2)I' T4, so that this term has to be sub- show this effect fol’=5 and 150, are unreliable becayae
tracted from the analytical expressions given in RE®8, the analytical expressions used B¢ are only valid forx
29| in order to obtain the dust-dust correlation energy. Thus=1 (although there appears to be only a few percent differ-
we use the following formula for the dust correlation energyence between the analytical values and the numerical results
[29]: given in Ref.[29] for k=1.2 and 1.4, and(b) the assump-
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£=0.2
0.5
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2 T T T
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15| T
15 2 [
kd 1k //
FIG. 1. Dispersion relation of the dust acoustic wave in the L
strongly coupled gas phase: solutions of E2f)) for frequencyw 05 I “u/pa
normalized towpy vs kd. HereI'=100, and different values of '
label the curves. I =100
L " ' 1 n L s ) 1 ) L n L [ L s 1 1
tion thatg(r) does not vary withk is probably not valid. In 0 0.5 1 15 2
the regimekd> « (i.e., k\p>1), the dispersion relation be- () ©
comes
FIG. 2. (a) Phase speed of the dust acoustic wawkk, normal-
2. 2 22 ized tocgy from Eq.(36) as a function ofk for two values ofl’; the
w = wpd 1+ F(x,I')k™d?]. (37 weak-coupling result is the curve labeled iy, I') = 0. (b) Maxi-

mum frequencywy (normalized tow,y) as a function of from Eq.

From here it can be seen that the second effect of strong4: With the corresponding value &d where the maximum oc-
dust-dust correlations is also to reduce the effective dusfurs:kud. HereI'=100.(Note that the regions of the curves be-
plasma frequency, as shown also in Figs. 1 afis). Figure yond Kzl_ are unreliable owing to the approximations used in this
2(b) shows the effective dust plasma frequency obtained byaper which are fok<1)
evaluatingdw/dk=0 from Eq.(34) to obtain the value ok _
where the maximum value ab occurs, denoted bit, and - : dH
wy , respectively(Again, the region of the curves where Skt Vabku™= ~ 9E_y
>1 are unreliable, as discussed abowegure 3 also shows “
a third effect, namely, that strong correlations lead to negaghere vy~ a?n,v,m,/my is the hard sphere dust-neutral
tive dispersion, that isgw/dk<<0, in the domainkd>«.  collision frequencyherea is the grain radiusm, andv,, are
These properties of the dust acoustic wave in a stronglyhe neutral mass and thermal speed, mgds the dust mags
coupled dusty plasma are analogous to those of ion acoustifhe resulting equation of motion faf, ,(w), the Fourier
waves in a strongly coupled electron-ion plasma analyzed igansform ofg, ,, then has the form Of’léqg)7 but with the
Ref. [22]. It should be noted, however, that in the CaICU|a'replacemenmzyiw(w+ivd) in the matrixI",, given in Eq.

. . 2%

tions of Ref.[22] the x-dependent second and third terms of (10) The derivation of the dielectric response function then
Eq. (31 are completely ignored, which can be interpreted a%yroceeds as in Sec. Il but with the replacemeRt- w(w

(38

the neglect of thec dependence .. +ivg) in A(kw) in Eq. (14). Then the net result is that
0?(k)— o(K)[w(k)+ivq] in Eq. (17).
We again consider the sma&lHimit as in Sec. lll, and

IV. EFFECTS OF COLLISIONS . S
assume that the dust-dust correlation energy is given by Eq.

The effects of collisions of charged dust particles with(30). This assumes that the presence of a background neutral
neutrals can be included in the formalism summarized irgas does not affect the correlation energy of the Yukawa
Sec. Il via thead hocintroduction of a collisional damping system, via, for example, Brownian motion effef3%], but
term in the equation of motion faf, ,, viz. we are unaware of any calculations on the thermodynamics
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F(x.T)=0
r=2
I'=200

2.5

kd

FIG. 3. Dispersion relation of the dust acoustic wave: solutions
of Eqg. (34) for frequencyw normalized tow,q vs kd. Here the
curve labeled byf(«,I')=0 is the standard weak-coupling result,
while curves labeled’=2 and 200 show results for strongly
coupled gas phase.

2.5

of Yukawa systems including such neutral gas effects, and ) ©/0pq

note that this may be an interesting topic for further study. _ _ _ _ ) )
Proceeding as in Sec. IlI, the inclusion of dust-neutral colli- FIG. 4. Dispersion relation of the dust acoustic wave including
sional damping results in the replacemar?t—>w(w+ivd) dust-neutral collisions: the imaginary part of wave numixer

. . 71 .
in the dispersion relation given in E¢34). We rewrite this (dashed ling normalized tohp~ vs real w, normalized towpq.
in the following form: Parameters arey/w,g=0.1, =150, andx=1. (a) Solution of

Eq. (39) for the strongly coupled gas phagk) Solution of Eq.(39)
in the weak-coupling limit, withf («,I")=0.
e w(w+ivg) 39 _ _
D wgc[1+f(K,F)K2(1+k2)\%)]—w(a)+ivd)' for the decrease in the maximum valueloan be seen by
considering Eq(39) at w= w4, Where, roughlyk,~k;:

This has the form of the fluid dispersion relation for dust , ,
acoustic waves including collisions as given in H&#], but k"\p(@=wpg) =
with a reduction in the effective dust plasma frequency aris-

ing from strong correlation between dust grains, as discussegrom here it can be seen that the term arising from strong
in Sec. lll. Solving for reakw and real and imaginary wave correlations in the denominatpec f («,I") k2] has the effect
numberk, andk;, Fig. 4@ shows a solution retaining strong of reducing both the real and imaginary partskofFor the
correlation effects, while Fig. (#) shows the solution ob- parameters chosen for Fig. 4, the magnitudes of
tained by settind («,I")=0 in Eq.(39). As discussed in Ref. = f(x,I")x?(1+k®\3) and v4/wyq are comparable, and this
[34], without collisional damping and without correlation ef- reduction of the maximum values &f andk; are apparent.
fects[f(«,I')=0] the wave numbek would be purely real  Thijs will be discussed further in Sec. V.

for w<wpy, resonant k—«) for w=wpy, and purely
imaginary forw>wyq. With collisional damping, the reso-
nance at the dust plasma frequency disappears, while the real
part of the wave numbek, rolls over at highero> wyq, We consider the application of these results to the experi-
corresponding to a transition from a damped propagatingnental observations of dust acoustic waves in the strong-
wave to an evanescent wave. With strong correlation, thisoupling regime reported by Pieper and Gof8&d], since
rollover occurs at a lower value ab, corresponding to a that is the only reference we are aware of that measures the
reduced effective dust plasma frequency, and the maximurdispersion relation in this regime. In the above paj3,
value ofk becomes smaller, as shown in Fig. 4. The reasofiitting the experimental dispersion relation yielded the pa-

(1+in/a)pd)
[f(x, D) k?(1+KNE) —ivglwpd

(40)

V. APPLICATION AND DISCUSSION
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rameterx<1, ranging fromx~0.15-0.6, whileI'>1, and gate in more detail the effects of strong coupling on wave
ranged from about 11 to 0 The collisionality parameter dispersion in somewhat lower collisionality experimental re-
vyl wpg ranged from about to near unity.(Note that the gimes. From the results of this paper, we would expect that
approximations used in our present paper correspond toorrelation effects would dominate collisional effects at
«k<1, and to the fluid phase with<170) In the experiment, lower values ofvy/wpy and larger values ok than those
both the real and imaginary parts of the complex wave numreported in Ref[34]. For example, with the parameters used
ber were measured as a function of the real driving frequencfor Fig. 4@ one would expect to see the effects of strong
w, and it was reported that the results fit a dispersion relatiororrelation in a reduction of the maximum valueskpfand
of the form of Eq.(39) without strong-coupling effecfs.e.,  k;. For the parameters used in Figia} namely, v4/wpq
Eq. (39), above withf(«,I')=0] [34]. =0.1,I"'=150, andk=1, we find a reduction in the maxi-
The theoretical results presented in this paper appear to mmum values ok, andk; by a factor of about 0.7 compared
be consistent with the above discussed experimental obsewith the solutions of the fluid dispersion relation in the
vations for the following reasons. For the parameters of thaveak-coupling limit shown in Fig. @).
experiment, the magnitude of the collisionality parameter We note also that the strong correlation term in E29)
vglwpg is considerably larger than the magnitude of theleads to a rollover ik, versusw even without the collisional
strong-coupling termf(«,I")x? in the denominator of Eq. term. This is in contrast to theoretical results for a damped
(39. That is,f(«,I") from Eq. (35) is of the order of—0.1 lattice-wave dispersion relatigr21] which apparently does
using the experimental parametéis-1 andx=<0.6, so that not exhibit the observed rollové¢B4].
the magnitude of (x,I") k? is at most of the order of 0.035.
On the other handyd/wpd>%, which is considerably larger ACKNOWLEDGMENTS
than the magnitude of the strong-coupling term. Thus, ac-
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