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Surface wave propagation in a dusty magnetized plasma at frequencies below and of the order of the
ion-cyclotron frequency, but well above the dust cyclotron frequency, is considered. The dust grains
are assumed to be stationary, but to carry a proportion of the negative charge of the plasma. The
dispersion relation for surface waves propagating on an interface between a dusty plasma and a
vacuum is derived and discussed. The damping of the waves due tovA#figenance absorption in

a narrow but non-zero width interface is derived. 1©96 American Institute of Physics.
[S1070-664X96)03512-4

I. INTRODUCTION erties, while for a large charge on the grains the waves are
he physical . lash? , better described as circularly polarized whistler or helicon
. The physica Processes in dusty plas re mter_esti waves extending to low frequencies. Other work on the ef-
ing because of their importance for a r!umber of appllcatloniect of dust on Alfvé@ and magnetoacoustic waves has fo-
in space plasmas ar_1d the earth’s environment, as well as Essed on the very low frequency waves that are affected by
the laboratory, and in several technologiesg., hf plasma the motion of the dust grains themselVe&?

etching. Dusty plasmas are characterized as a low- In the studies of Alfva and magnetoacoustic waves in a

temperature ionized gas whose constituents are eIec:tron&l,Jsty plasma performed so far, the plasma has been assumed

ions, and micron-sized dust particulates. The latter are USY-"\e uniform in space. However in manv laboratorv and
ally negatively charged due to the attachment of the back- pace. y y

. astrophysical situations, the plasma will have a non-uniform
ground plasma electrons on the surface of the dust grains vid i - . ) . .
collisions ensity or magnetic field, including quite sharp interfaces

The presence of dust particlagraing changes the between plasmas of differing properties, such as the surfaces

plasma parameters and affects the collective processes ?rﬁ magnetic flux tubes in the solar coronal and other

1 . .
such plasma systems. In particular, the charged dust grair%asma_sl’ a_\nd the bound_arles between pI?smas of different
can effectively collect electrons and ions from the back_propprtles in the solar W'nd. and the Earth’s mqgnetosphere.
ground plasma. Thus in the state of equilibrium the electro:g‘hcven and magnetoacoustic waves play roles in the energy

and ion densities are determined by the neutrality conditio aIance_ in du_sty interstellar molecular CI_OUdS and in the
which is given by magnetic braking of protostellar cloudsnd since such plas-

mas could be highly structured due to the presence of mag-
—engten—Z4eng=0, (1) netic flux tubes, it is important to understand the dispersion
wheren,; 4 is the concentration of plasma electrofvsith and damping properties of the waves in highly structured
the charge— e), ions (for simplicity, we consider singly ~dusty plasmas.
charged ionj and dust particles, respectively; the charge of ~ Wave energy can be concentrated in plasma regions of
the dust particle- Z4e can vary significantly depending on honuniform density and/or magnetic field, and in the limiting
plasma parameters. For many dusty plasmas, this charge ¢§S€ of density or magnetic field discontinuities, when a
negative(i.e.,Z4>0) and large Z4~10?—10%) 13 Thus be-  Well-defined surface is present, wave eigenmodes exist

cause of the neutrality conditiol) it is possible to have in Whose amplitudes decay approximately exponentially in
such plasmas, each direction away from the surface. These are the Alfve

surface wave eigenmodes, which have been shown by theory

Ne<<n;. @ and experimente.g., Refs. 12 and 130 play an important

It has been shown in previous pagetshat the disper- role in the Alfven wave heating process, because they can be
sion properties of Alfve and magnetoacoustic waves in a easily excited by an antenna in a laboratory fusion plasma
dusty plasma are strongly modified when a proportion of thevhich is separated from the vessel walls by a low-density
negative charge resides on the dust grains. The essential reggion. Evidence for Alfve surface waves in the laboratory
son for the modification is that the ion Hall current is not was first provided in Ref. 14, and the idea of Alfveeso-
compensated by the electron Hall current at low frequenciesance heating of fusion plasmas using surface wave eigen-
as well as at frequencies comparable with the ion-cyclotrormodes was suggested in Ref. 15. Aliveurface waves are
frequency, as can be readily shown from the general diele@lso expected to exist in the astrophysical plasmas with flux
tric tensor for a homogeneous plasma with unequal ion antubes and other boundaries mentioned above. The surface
electron charge densitiésso that ion-cyclotron effects ex- waves may be excited by movement of the footpoints of the
tend to frequencies much less than the ion-cyclotron freflux tubes or by instabilities on the plasma boundatfes.
guency. With very small charge on the dust grains, the wavethe surface is not perfectly sharp, but has a non-zero transi-
have the usual shear and compressional Alfwave prop- tion width, Alfven resonance absorption will occur at the
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point in the transition where the wave frequency matches the  f(x)exp(ik,z+ ikyy —iot), ®)

Alfvén frequency, i.e., the frequency of the local shear Al- -
fvén wave. This process is the basis for the Ativwave Wherek; andw are assumed positive. The surface wave only

heating mechanism. The modification of the Alfveeso- exists if it propagates in the surface at an oblique angle to the
nance absorption mechanism due to the negative charge réi2gnetic field, i.e., it has a non-zero wavenumber compo-
siding on the grains in a dusty plasma was investigated if€nt (positive or negativein the y-direction. The plasma
Ref. 5, and it was shown that the wave energy propagating dfansition region is assumed to be narrow, so thaa| <1
oblique angles to the magnetic field in an increasing densitfnd |k.al<1. We assume for simplicity that the charge on
gradient can be very efficiently absorbed at the Affveso-  the dust partlcl_es is not affe_cted by the wave, i.e., we neglect
nance in a dusty plasma. the d_ust charging effects dlsc_ussed_e.g., in Refs. 19,20. The
In this paper, we study linear surface wave propagatiorﬁjus'[ is also gssumed to remain statlona_ry..Here we stress an
in a simplified model of a highly structured dusty plasma,important point. In Refs. 15,18 the electric field was assume_d
viz., the interface between a uniform dusty magnetized® have, as well as a component parallel to the magnetic
plasma and a vacuum. The analysis is a generalization of th§€ld, & single component transverse to the field. However, in
previously carried out for the dust-free cdé&he wave fre- the case of charge imbalance in the electron and ion fluids as
quency is supposed to be less than and of the order of tHECUrs in the presence of dust particles, or in plasmas in
cyclotron frequency of the plasma ions, and the interface i§0lids with unequal electron and hole numbbsith electric
assumed to be a sharp surface or of small width comparelf!d components transverse to the magnetic field are present,
with the wavelength. It is shown that if a proportion of the 8ven at frequencies much less than the ion cyclotron fre-
negative charge resides on the dust grains, the dispersiéhi€ncy. Since the plasma is assumed to be cold and the wave
relation of the surface waves on a sharp surface is strongifféquency is assumed to be much less than the plasma fre-
modified and the Alfya resonance damping of the waves in quency, the component of the electric field parallel to the
the non-zero width surface is increased by the presence &i@ckground magnetic fiel&,, is zero. .
the dust. The paper is organized as follows. In Sec. II, the Thus the pasm linearized equations in the wave variables
plasma model and wave equations are derived. In Sec. Il thé andVe (the ion and electron perturbed velocitiek (the
general dispersion relation for surface waves propagating Jtave electric fieldl B (the wave magnetic fieJdn; andn,
arbitrary angles with respect to the external magnetic field i§the ion and electron density perturbatipase
obtained. In Sec. IV, we present graphical solutions and

demonstrate the modification of the dispersion relations for miﬁ—ti:e(EJrvixBo), (4)
waves on a sharp surface in the presence of dust. In Sec. V
we consider the Alfve resonance damping of the surface 0=E+V XB, (5)

waves for a non-zero width surface, and in Sec. VI we briefly

discuss all the results obtained. an, )
7+V-(naova)=0, a=i,e, (6)

Il. MODEL AND WAVE EQUATIONS

The standard two-fluid model of the plasma is y.g= E(n-—n ) 7
invoked>®which consists of the fluid momentum equa- €
tions for plasma iongsingly chargefiand electrons, and the V.B=0 ®)
ion and electron continuity equations, as well as Maxwell's '
equations ignoring the displacement current. Electron inertia JB
is neglected, and the ions and electrons are assumed cold. VXE=— - 9
The uniform background magnetic fieB}, is assumed to be
in the z-direction, and the electron and ion densities in the  vxB= u.j= ue(nigVi — NeoVe). (10)

uniform dusty plasma aren,, and n;q. The parameter
5=ngy/N;o Measures the charge imbalance in the plasma/Ne have neglected the electron inertia in &%), which is

with the remainder of the charge residing on the dust parequivalent to assuming that the wave frequencies of interest
ticles, so that the total system is charge neutral. We definare much less than the electron cyclotron frequency. We
the direction perpendicular to the interface between thdave also neglected the displacement current in (&Q),
plasma and the vacuum to be theaxis. We assume a half- Since the phase velocity is assumed much less than the speed
spacex<0 occupied by the dusty plasma, and a vacuum foof light c. )

x>0, with the ion densityn;o(x) decreasing smoothly from Define the local Alfve speed using the plasma ion den-

a constant value of, for x<—a to zero atx=0. The  Sity, va(X)=vB% wopio, Where pio(x)=minjo(x) and
electron density and the amount of negative charge on theé= w/(};, where(); is the plasma ion-cyclotron frequency.
dust grains are assumed to decrease in the same mannerAgsuming the time dependen¢8) for the fields, Eqs(4)

the ion density, so that is constant. Thg-axis is then inthe and (5) may be used to expresg and v, in terms ofE,

Bo % n direction, wheren=X is the unit vector normal to the Yielding the current density transverseBg:

interface and pointing into the vacuum.

) . ) , 1 ExB f E
The equations are linearized, so the wave fields can be i, =eng ( 5— 3 ( 2°)i —j . £ (12)
assumed to vary as 1-f Bo 1-f2 By
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6 ; ‘ ' These are the frequencies of the two wave modes that propa-
4r ' gate parallel to the magnetic field in a uniform dusty plasma.

2F ! ] For oblique propagatiork(, # 0), the higher frequencfy of
o . - the two modes is given by, fdk, ,Jva<;,

PRI // ] 15

. L (1+2s?)a? 19
e ] = + .
—af y S 2(1-6)%s? 19

_6 i1 4

0.00 0.05 0.10 0.15 0.20 0.25 Thus the cutoff frequency as, ,—0 is given by

Frequency f
1-6
FIG. 1. The normalized square of the perpendicular wavenumber 0=0n=10Q; S (20
rky=K, /k, plotted against normalized frequenty w/(};, for «=0.01 and o
s=1. Solid curves fors=1, and dashed curves fé=0.9. The characteristic frequendy of the lower frequency mode
under the assumptionk, ,|vA<Q; is
(1+s)Ya?[  (1+25%)a® o1

The same result is obtained from the dielectric tensor fora 1 (1-§)s - 2(1-0)% 1)

cold dusty plasma, e.g., Ref. 4. By taking the components
Egs.(9) and(10), and using11) and(3), we find the follow-
ing two differential equations ix for the field components

0‘f’herefore, as has been shown in Ref. 5, the effect of dust in
the plasma is to decrease the lower cutoff-frequency and in-
crease the upper cutoff-frequency, as indicated in Fig. 1; this

Ey andB,: has been shown in Ref. 5 to lead to more efficient resonant

dE, kD - A- k§ absorption of wave energy at the Aliveesonance.

dx A EyTlo—— B, (12) For arbitraryk,, the resonance frequenty is given by

A=0, i.e,
dB, koD i A’-D?
——B,=——FE,, (13 _ o

dx A o A fz—(l_l_T)m- (22)

whereA andD are defined as The resonance frequency corresponds to the “Alfueso-
w2 nance generalized for finite ion-cyclotron frequency, which
A= —5— 75— k?, (14 is referred to as the perpendicular ion cyclotron resonance in
va(1=19 Ref. 21.
p=2( L 15
"\ ) (19

I1l. DISPERSION RELATION FOR SURFACE WAVES
and are functions ok through their dependence an .

In a uniform plasma the solutions of Eq42) and (13
are of the formkg, ,B, « exp(k.x), where the wavenumber

We consider in this section the solutions of E4<) and
(13) for the case of a narrow width surface separating the
plasma and vacuum. The dispersion relation is found by re-

k, is given by > _ .
quiring that the tangential components of the electric and
s 2 A?-D? magnetic field,E, andB,, are both continuous across the
K= —ky+ A ' (160 poundariesx=0 and Xx=—a, i.e., that the homogeneous

dusty plasma and vacuum solutions be matched with the so-
which can be written in terms of dimensionless parameterfytion inside the non-zero width surface. In the following
f, 8, ix=kylkz, s=[kz1ky|, anda=vak, /O, section we derive the dispersion relation for the special case
£2[ 5262— a2~ (1- )2 of a sharp surface.
KZ=—1-1/"+ — > 5 (17) The surface wave solutions that we seek will be in the
@ = a’(1-1 frequency range in Fig. 1 correspondingkﬁxo in the uni-
The dependence of§ on the normalized frequencf, for form plasma regiox<<—a, i.e., the wave fields there vary as
given values ok and e, and two values 0B, one being the  €xpkyX), wherek,=k,|. In the vacuumx>0) they vary as
dust-free case&f=1, is indicated in Fig. 1. For gives, a,  €Xp(~k,X) where, since the phase velocity is assurred,
and &, there are two cutoff frequencie$; and f;, where ~We have to a good approximation

K>2<: 0, and a resonance fr_equen(:yn Wherexifm. A body kfz k§+ k§ _ (23)

wave, referred to as the ion-cyclotron wave in the dust-free

caset’ propagates in the-direction whenf ;< f<f,, while a An approximate solution of Eqg12) and (13) is ob-

fast body wave propagates whém f . tained within the narrow plasma transition region by the per-
In the case ok, =0, the cutoff frequencief, andf are turbation technique of Refs. 17, 22 and 23. The wavelength

given by in the plane of the surface is assumed much larger than the

width of the surface transition, so that the wave fiefigsand

2\ 2 27172 2 . . .
foo= 1-6+a a < 1-6+ta (18) B, may be expanded in series using the small parameter
13 26 5 26 e=k,a;
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E.=E..+€eE..+ ... and may be carried out using standard techniques described by
y~ =yo yl . 3. -
Ginzburd? in the context of the similar problem of the reso-
B.=K (ot eprt+ ...), (24) nance absorption of radio waves in the ionosphere: a small

whereE,, andB,o= k., are the wave fields at the interface imaginary part is introduced i due to small dissipation,

in the sharp interface case, and the terms of oedare the  the path of integration is distorted in the compleplane to

corrections to the wave fields due to the finite width of the@void the singularity, and the dissipation then approaches

interface transition. zero. The result is tha,,, ¢, and &; acquire imaginary
Changing to a new space variabte-x/a (of order 1  parts due to the residues of the integrands at the Aei®

within the transition, substituting(24) in Egs.(12) and(13) which are indeper}dent of the size of the small dissipation.

and collecting terms of the same orderemives, up to first  This leads to Alfve resonance absorption, which is dis-

order ine, cussed further in Sec. V. It is to be noted titgt and B,
remain finite through the transition, ensuring the validity of
diLOZO d_‘//_ozo (25) the expansior(24), however the field€, and B, become
dx "odx ' singular at the resonance, as shown in Refs. 21,22.
dE,; k,D A—K?
d—xil—kyZ—AEyoziny(/,o, (26)
IV. THE SURFACE WAVE AT A SHARP BOUNDARY
dy; kD i A2-D? _ _ _
d—x—+ I(Z—AlpO:; _kEA_EVO' (27 The dispersion relation for the surface wave on a sharp

dusty plasma-vacuum boundary, as-0, is given by
If the solution for E, in the vacuum region is %(w)=0, and is investigated in this section. The same re-
E,=E, exp(—kxX), then E,,=E, and, from the vacuum sult can of course be obtained directly by matching the ho-
field relations,yo=(i/ ) (k,/k,)E, . mogeneous dusty plasma and vacuum solutions across the
Integrating Eqs(26) and (27) gives sharp boundary. Such a direct approach would be more suit-
able than attempting to solve the wave equations in the non-
i (29) zero width transition, if the more general problem including

- k.D k, (A—k?)
EYl(X):Eva -
0

KA k, A ' such effects as high frequencies, non-zero plasma pressure,

o i <[k,D (A2-D2)] __ resistive or viscous effects, or other kinetic effects were to be
Pi(x)=— —EUJ _ —2—}0')('- (290  considered. However, we are restricting the present investi-
w o [ KA kzA gation to a cold dissipationless dusty plasma at frequencies

The fields in the regiox<—a are given by less than the ion-cyclotron frequency but well above the dust

cyclotron frequency, so that Eq€l2) and (13) are a good
Ey=E, explkpx), 30 gescription.
i Agk,—k,D, SettingZy(w) =0 in Eq. (34) leads to an expression for

B,=Byp exp(kpx) = — — 7 Ep expkpx), (3D k,=k{" which must be consistent with the expression for
y P k =k§2> which is derived from Eq.(16), in which
whereA, andD, areA andD evaluated ak= —a. k= —ks. Thus we find that
Continuity atx=—a then gives, to first order im,
Y g (Ap—K2) [ 2,

E, exp( —kya)=Eyo+ €Eyy(— 1), (Ki2)2—(k{V)2= T{F(Ap—ki)—Z o Dp
p v v
By expl — ko) =Ky( Yo+ €ga(—1)). 32

2 2
Substituting Eqs(28) and (29) into Eq.(32), and using +A—Dp
Egs.(30) and(31), gives the dispersion equation:

. (36)

Setting Eq.(36) to zero gives solutions for the surface

Nw)="Z(w)+eZ1(w)=0, (33 wave frequencyw, provided care is taken to exclude spuri-
with @=w— iy, the damping rates being of orderew, and ~ OUS solutions introduced by the squaring procedure. We
5 choose to solve this equation for the phase velocity in the

(@) = keAp—kDp Kz (34) magnetic field direction, relative to the Alfaespeed, i.e.,

~0 Ay— yz k,’ V=uwlvak,. Itis straightforward to show that the first factor

and 7- is the correction: on the right hand side of E¢36) must be non-zero. Equating
1 : the second factor to zero leads to the following cubic equa-

k, (-2 ky AZ2—D? tion for V:
n@)-2 Fl-ao+ S
@730 Al 7%, K oy, 2000, [2+88 (1-97%)
K2 (1+s)1? 1+8? a?
Bz 2
+ I(5(A k) [dX. (35 20(1— 5)
Tar2 0 37
The integrands iri28), (29), and(35) may contain poles
whereA=0, i.e., at the Alfve resonance. The integrations whereo=sign(k,).
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In terms ofV and the other dimensionless parameters, 8
the expression fok, obtained from Eq.(34) by setting
Z(w)=0 may be written as

K 1

= Al 1— 6+ Sa®V?
k, VA(1+a?)—1|sa V)

Sa

(1+5%)(1— a?V?)—s?V?
s(1+s?)%2

Phase Velocity
I

(38)

For a valid surface wave solution, the conditios™>0 must
be satisfied, and this leads to the existence of cutoff frequen-
cies for the solutions wherg,=0.

In the dust-free cased& 1), there are two possible posi- L ]
tive phase velocity solutiohsdepending on the sign of the = €[ §=0.9 1

o
(o]
o
34}
-
oI
-
[3,)
N
o

wavenumber component in thigyxn or y direction, a fast
wave (V*) for positivek, , and a slow wave\(") for nega-

Phase Velocity
S
i

tive k:
VE (2+Sz+a2)1/2ia 20 2F L s - -
- (l+52)1/2 ( ) of
When =1 anda<1, we obtain the low-frequency Al- 0.0 0.5 1.0 1.5 2.0
fvén surface wave on a plasma—vacuum interfécethose 8f ' ' ' ]
frequency is given by I ;
2o} 6F -
2 2\ 112 =t 0=0.8 |
Y i iy w 5| i
K3 +Kk 2 4k h
o - - _ . ]
We now discuss the effects of dust on the dispersion E ..............................
relation for the surface waves. Again there is a single valid & 2[ ’ ]
solution of Eq.(37) for each sign ok, and for givens, «, i ]
and é. 0 ‘ ' :
N 0.0 0.5 1.0 1.5 2.0
A. Positive k, kz/ky

Figure 2 shows the fast wave dispersion relations, i'e'f:|c; - ed on ook 1 ek Cnction of
H H H L 2. € normalized phase veloc or positivek, , as a function o
’ (solid curves, and foré=1, §=0.9, ands=0.8.

ends at a cutoff value of, wherek,=0, just as was found
for the dust-free case in Ref. 17. It is seen from Fig. 2 that as
6 decreases from 1, the major effect is on the smadlis-
persion relation, with thex=0.1 phase velocity becoming
greater than thexr=0.5 phase velocity ab=0.9. There is
also a general increase in the phase velocity foralis well
as a small decrease in the cutoff valuesoThe behaviour of
the smalla dispersion relation is illustrated more clearly in
Fig. 3, where the phase velocity is plotted agam$br given
s=1 and for the same three values &fas in Fig. 2. For
6=1 the phase velocity decreases monotonicallyrade-
creases, whereas fér< 1 there is a critical value ot below
which V increases rapidly. This behaviour is verified by the
approximate solution of Eq37) for small «a:

(1-8)[ (1+1+5?)2a?
sa |1 2= 021D

Phase Velocity

V=~ 47

The limiting frequency of the surface wave @s-0 is there-
fore w=Q,, whereQ,, is defined in Eq(20), i.e., the sur- x
face wave fork,>0 has the same cutoff frequency for

. IG. 3. The normalized phase velocly for positivek, , as a function of
k,—0 as the higher frequency mode that propagates paraII(§I7 for s=1, and for6=1 (solid curve, §=0.9 (dotted curvg¢ and §=0.8

to the magnetic field in the uniform dusty plasma, and iSgashed curve The curves A and B enclose the shaded region where Alfve
therefore closely related to that mode. resonance damping occurs.
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1.5

-—
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1.0

0.5

Phase Velocity

0.0

1.5

1.0

........

0.5

Phase Velocity

0=0.95

0.0l

1.5

1.0

.

0.5

Phase Velocity

0.0l

FIG. 4. The normalized phase velocky for negativek, , as a function of
s=k,/ky, for «=0.1 (dashed curvgs «=0.5 (dotted curves anda=3
(solid curves, and for6=1, §=0.95, ands=0.9.

The value ofk, corresponding to the smadt value of
V given by Eq.(41) is given from Eq.(38) as

e (1+8?)12—g? ,
=K g eI (42)
which is positive, corresponding to a valid solution, for
s<1.27, in agreement with the end points of the=0.1
curves in Fig. 2. Note that whers?=(1+s%)? (i.e.,
kp=0), the surface wave frequenéy-Va, as derived from
(41), exactly coincides with frequenc{l9) of the volume

>
2
i3]
o :
) :
> i
[} :
© i
£ 0.57 B
A o k<0

j{,’ s=0.3

i

il

0.0l . . . ‘
0.0 0.2 0.4 0.6 0.8 1.0

[23

FIG. 5. The normalized phase velocy for negativek, , as a function of

«, for s=0.3, and ford=1 (solid curve, §=0.95 (dotted curve, and
5=0.9(dashed curve The curves A and B enclose the shaded region where
Alfvén resonance damping occurs.

The cutoff value ofs for «=0.1 decreases rapidly asde-
creases, and less rapidly for larger valuesxofThe behav-
iour of the smalla dispersion relation is illustrated more
clearly in Fig. 5, where the phase velocity is plotted against
« for givens=0.3 and for the same three valuesédas in
Fig. 4. For5=1 the phase velocity increases monotonically
as«a decreases, whereas fér< 1 there is a critical value of

a below whichV decreases rapidly. The approximate solu-
tion of Eq. (37) for small « is in this case:

_ 2a (2+5%)a?
T (1-8)(1+sHT? 1= (1-8)2(1+s?) |’

The limiting frequency of thek, <0 surface wave as
s—0 is therefore

ZUikg
C(1-9)9°

which is twice the frequency, for smak,, of the lower
frequency mode propagating parallel to the magnetic field in
the uniform dusty plasma, given bf; in Eq. (18) as
a—0. It is interesting to note that the curves tor+=0.5 and
a=3 in Fig. 4 end at a value of wherek,—, i.e., where
the Alfven resonance conditiof22) holds, in accord with the
result found for the dust-frele, <0 case in Ref. 17. This is
also true for thex=0.1 curves fors=1 and5=0.95, but for
6= 0.9 the curve ends whekg =0, i.e., if the end point lies
in the low-w region of Fig. 5 where the phase velocity is
decreasing with decreasing, it has a cutoff rather than a

\Y; (43

(44)

w

mode as it should, because for zero attenuation coefficientsonance value df,. This is shown explicitly by the value
k, the surface mode loses its near surface character, and ig k, obtained from Eq(38) by usingV given by Eq.(43):

indistinguishable from the volume wave.

B. Negative k|,

Figure 4 shows the slow wave dispersion relations, i.e.

the solutions foV for negativek, , plotted as a function of
s, for three values ofr and for three values of. Again, as
S decreases from 1, the major effect is on the smatlis-
persion relation, with ther=0.1 phase velocity in this case
becoming smaller than the=0.5 phase velocity af=0.9.
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1-¢?
kp%kzm. (45)
Thus thek, <0 surface wave phase velocity for smallhas
a cutoff whenk,=0, for s~1, in agreement with the nu-
merical results. Again, we note that under the condition
kp,=0 the surface wave frequenéy-Va derived from(43)
is the same as the frequen(31) of the corresponding vol-
ume mode.
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V. DAMPING OF THE SURFACE WAVE the shaded regions lying between curves A and B will satisfy
the inequalities in(49) and so will be resonance damped.
Thus the fast surface waves obtained kgr-0 (Fig. 3), for
which V>1, will always satisfy the right inequality in Eq.

The damping rate, to first order i of the surface wave
due to the non-zero width of the surface is obtained from Eq

(33) as (49). However above a critical value @f, given by the in-
Im Z;(w) tercept of the dispersion curves in Fig. 3 with curve B, the
TN ’ (46)  surface wave will not experience resonance damping. This
©T s critical value of « decreases as the proportion of dust in-
wherews is the surface wave frequency obtained in the precreases. The presence of dust has been shown in the previous
vious section. section to not have a large effect on the lasgsurface wave

As discussed in Sec. lIl, the only imaginary contribution dispersion relation, and the effect of dust similarly does not
to &, comes from the pole of the integrand in Eg5), i.e., greatly modify the resonant damping rate calculated for the
at that point in the surface transition whefe=0, which ~ dust-free case and reported in Ref. 17. In the levimit,
corresponds to the Alfwe resonance condition. Thus the wWhere the dust has a large effect on the dispersion relation,
damping is due to Alfve resonance absorption of the surfaceand we can use the dispersion relation E), the left in-
wave, although in this dissipationless model there is no indiequality in(49) is satisfied provided 055<1. The damp-
cation of how the damped energy is finally dissipated. Morgng rate in that case, as a fraction of the limiting frequency of
realistic models of resonance absorption show that the erihe surface wavél,, is given by
ergy is absorbed via mode conversion into a short wave-
length mode which is subsequently damped by collisional or  ——~ 7es[1+(1+5%) 1?2, (50
collisionless processes. The damping rate is found, by evalu- m
ating the contribution of the residue at the pale-0 in the  if we assumeA to vary linearly withx in the transition
integral (35), to be region.

(D+k§k Ik,)? In the case oiky<.0 (Fig. 5), resonance damping \{vill

y=—em — y — occur for solutions with largey, as shown by the region
k(9% 1 dw)(dA/dX) between the curves A and B, with a small effect of dust on
[(1+8?) Y24 g(5f+(1- 8)/1)]? the dust-free results reported in Ref. 17. However for small
=—enk® (000 To) (AATX) ,  (47)  « where the effect of dust is to strongly reduce the phase

70l0w velocity below the Alfve speed in the uniform plasma, the
where d%,/dw is evaluated usingw=ws, and D and  Alfvén resonance condition, viz. that the phase velocity be-

dA/dx are evaluated ax=x,, with x, the resonant point comes equal to the local Alfwespeed in the surface layer,

whereA=0. cannot be satisfied and tle<0 surface waves will propa-

When evaluating the damping of the surface wave, amate in the dusty plasma with no resonance damping.
important point to determine is whether or not the Alive
resonance is encountered in the surface layer, where the
plasma density is assumed to decrease from its value
x=—a to zero atx=0, and the local Alfva speed corre-
spondingly increases. Ifthe resonance is not encountered_, N0 To conclude, we have shown that the presence of dust
Alfven resonance damping occurs, and the only dampingarticles which acquire a proportion of the negative charge in
will be due to resistive, viscous or other collisional 53 plasma can strongly modify the dispersion properties of

5 iQi i , . .
processe$; or collisionless Landau damp'ﬁ@_-The reso-  Alfven surface waves. We have considered the ideal case of

Q}I. CONCLUSIONS

on the ion densityy; at the resonant point: dusty plasma and a vacuum, and have derived the dispersion
n, 1-a?V? relation of surface waves on a sharp interface. We have
P V- A (48 shown that the most important effects of the dust on the
i0

surface wave dispersion relation occur at low wavenumber
wherenq is the ion density in the uniform dusty plasma at k, parallel to the magnetic field. For propagation of the wave
x<—a. The conditions &n; /n;p<1 are then equivalentto in the surface in a direction intermediate between the mag-
1 1 netic field B,) direction and thé3,xn direction, wheren is
(490  the unit vector normal to the surface and pointing to the
vacuum,(i.e., k,>0 andk,>0), the surface wave frequency
i.e., if the surface wave phase velocities for giverand s approaches a cutoff frequency las—0. The corresponding
found in the previous section do not sati$fi9), the surface wave in the dust-free plasma has no such cutoff. On the other
wave is not resonance damped. Note that the left inequalithand, for propagation of the wave in a direction intermediate
in (49) is equivalent to the conditiom<();; otherwise the between theB, direction and the negativB,xn direction
function A is always negative and so cannot be zero in thei.e., k,>0 and k,<0), the surface wave phase velocity
surface layer. V—0 ask,—0, in contrast to the corresponding wave in the
We have plotted in Figs. 3 and 5 the curéa?=1  dust-free plasma, which has a phase velocity greater than the
(curve A) andV?(1+ a?)=1 (curve B, so that solutions in  Alfvén speed in this limit.
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