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RESUMEN

Intensos estudios de la fisica de plasmas realizados desde hace alrededor de 10 afios han visto el surgimiento de ana nueva line
de investigacion: la fisica de plasmas polvosos, que consisten de electrones, iones y particulas de polvo cargadas.e®e observan
varios medios astrofisicos como nebulosas, colas cometarias, anillos planetarios, ionosferas planetarias, etc. Lapae$euais de
de polvo pesadas y cargadas puede influenciar significativamente varios parametros del plasma al crear, por ejempfoeBstructura
su interior en un rango muy amplio de cientos a decenas de millones de kildbmetros. En este trabajo presentamos una revision y u
andlisis del espectro del volumen y ondas superficiales, estabilidades y solitones en un plasma polvoso.

PALABRAS CLAVE: Plasmas polvosos, ondas, inestabilidades, solitones, cristales de Coulomb.

ABSTRACT

Dusty plasmas consist of electrons, ions and charged dust particles observed in several astro-and space-physical environments
such as nebulas, cometary tails, planetary rings, and planetary ionospheres. The presence of heavy, highly chargedhifisst may sig
cantly influence various physical processes, for example, the creation of spatial structures over a wide range of distances, fr
hundreds to tens of millions of kilometres. In this paper we present a review and an analysis of the spectra of voluraeeand surf
waves, instabilities and solitons in a dusty plasma.

KEY WORDS: Dusty plasma, waves, instabilities, solitons, Coulomb crystals.

DETERMINATION AND PARAMETERS OF SPACE of the grain and the temperature of the plasmai4@-10-
DUSTY PLASMA When the charge is produced by processes of photoemission
and second electron emission the grains will have a positive
In recent years there has been a growing interest in the charge, as near the core of comet Halley where the cometary
study of physical processes in plasma consisting of electrons, plasma is dense and the grains have an average potential of
ions and charged dust grains. Dusty plasmas are rather com-about -7 V. In the tail, however, the plasma is less dense, and
mon in space, being found in planetary rings, interstellar the average grain potential is about +7 V (de Angslil,
clouds, cometary plasma tails, and the ionosphere of the Earth1988). For these values of the radii of grains, their nmass,
and other planets (e.g. Goertz, 1989; Spitzer, 1978). In the will be in the rangen= (10°-10'2)m,, wherem, is the proton
Earth’s ionosphere the origin of plasma components is from mass.
eruptions of volcanoes, meteorite showers as well as anthro-
pogenic factors: rocket and airplane exhausts, large fires, In accordance with first detections of charged dust par-
explosions, and so on. Laboratory plasma is surrounded by ticles in the Earth’s ionosphere at heights from 80 to 90 km
dielectric walls and contains a dusty component, produced (Havneset al, 1996), there are charged dusty particles with
by different processes on the walls: photoionization processes R= 0.06um, Z= +80, and densitg, = 13?-10% cm3. Positive
are dominant. Special plasma source machines can obtaincharges must be a result of photoemission. The charge num-
dusty plasmas with density changing over many orders of ber densityn Z, of positive dust may be larger than the elec-
magnitude (Motley, 1975). tron densityn, without dust. For negative charged particles,
average values &= 0.02um, Z= -1 andny = 10 cms3 are
The size of dust grairRis usually between a fraction ~ obtained.
of a micrometer to hundreds of micrometers. The charge of
the grainQ is caused by different processes on its surface: In cometary tails of the comets Halley and Giacobini-
electron and ion flows, photoemission, second electron emis- Zinner, there is a dusty component with paramé&ergum,
sion, chemical reactions. As in dominant flow processes, the Z= 40100 cm3< ny< 107cms3.
grain has a potentigl= 2k;T/e and a negative charge value
Q = ¢ R, wherek; is the constant of Boltzmanif, is the In the planetary rings of Jupiter and Saturn, from mea-
temperature of electrons, aads the charge of the electron.  surements of Voyager spacecraft, there is a charged dusty
The charge numbet = Q/e = 2kgT.R/€? depends on the size  component with parameteR= 1um, Z = 10>-104, 10-2cms3
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<nyg< 101ems. The first success of the theory of space dusty

of the ions into neutral atoms during ion-grain collisions

plasma was connected with the attempt to explain the obser- (Melandscet al,1993a; D'Angelo,1994).

vations by Voyager of the spokes of planetary rings as space

charge waves in a dusty plasma in Saturn (Bliokh and
Yaroshenko, 1985; Goertz, 1989).

The first paper on laboratory dusty plasma was written
by Langmuiret al (1924). Remarkable successes in the field
of laboratory plasma were obtained with macroscopic Cou-
lomb crystals in strongly coupled dusty plasmas (Chu and
Lin, 1994). Theoretically, this effect was predicted by lkezi
(1986).

THE INFLUENCE OF CHARGED DUSTY
PARTICLES ON PLASMA PROPERTIES

Consider a plasma of electrons, ions and identical dusty
particles, each of massand charg&e Actually, the grains
have different sizes (Aslakyan and Havnes, 1994; Northrop,
1992); however, in the first approximation one can assume
the grain radius to be constant. In this approximation, the
mass of a dust grain is typically 6-12 orders of magnitude

larger than that of a proton. Thus the time scales associated = P ~

with the dusty component, the Langmuir frequency

w, =+ 47Z?¢n; Im and the cyclotron frequenoy, =
ZeB/mg¢ will be orders of magnitude greater than those of
the ionic component. Thus self-oscillations in a dusty plasma,
where grain motion is important, will be characterized by
very low frequencies; for example, in Saturn’s rings
103s1(Bliokh and Yaroshenko,1985). Such a system will be
seen aspatial with a halflife of hours or days. For many
dusty plasmas such time scales are perfectly observable.

The influence of charged dust particles on plasma os-
cillations is manifested in two ways. For high-frequency
plasma oscillations the density of electramsand ionsn,
will no longer be equal. Instead,=n_ +Zn,, which leads to
a modification of the spectrum of plasma waves. For example
the dispersion relation for ion-acoustic waves takes the form

w=kCy, whereC, =/ T / nom (Shukla and Silin, 1992).
Then, ifn; >>n, the condition of the existence of these waves,
(V1 << alk <<V1) may be fulfilled even in an isothermal

plasma, wher&/r, 1 are the thermal velocities of electrons
and ions. In the case of Alfvén waves, fok< w, the ve-
locity is V, =B,/ /4n(nm +nym) (Rao, 1993). Thus
when the dust density << ng, but nm >>nm, the Alfvén
velocity will be determined by the dusty component. In ad-
dition, a whole new set of low-frequency waves, with fre-
guencies close to the Langmuir frequency of the dusty com-
ponentaw, (dusty acoustic waves, Rabal, 1990) or to the
dust’s cyclotron frequencwy (D’Angelo,1990). Another

SPECTRUM OF WAVES SUPPORTED BY ADUSTY
COMPONENT

Consider waves in a dusty plasma first without an ex-
ternal magnetic field. For a model of a three-component elec-
tron-ion-charged grains plasma we may use common for-
mulas for electron-ion plasma by adding a system of identi-
cal charged particles, each with masand chargeZe(Z>0)
for negative charged grains aAdc 0O for positive charged
grains. Thus we may use the dispersion relation for electro-

static wavesE = —0¢ in the hydrodynamical approxima-
tion (Akhiezeret al, 1975):

Whoe
w? -kVE,

0 (1)

g(wk)=1- Z

a=e|l,d

Wpe =ATEP I M, wy =447 M,

w, =+/41Z%ny /m are Langmuir frequencies of

where
electrons, ions and charged particles, respectively, and

Vi, =+/T, /M, are thermal velocitiesT(is in energetic
units). The solution for waves is found in the form
expi(wt—l?[if). Densitiesn, are connected by the
electroneutrality condition

M=nNe + an (2)
(a) lon-acoustic and dusty acoustic waves

the
Why | W§ = Z*m I m<<1, equation (1) becomes:

For case w << KkVio, w >> kVy,

2 2
Wi _

-—F=

w

1+ 500 0
RVE,

From here we obtain the solution for frequency in the form:

Lok
where C, = [ Tgn / Mg, a=V1d Wye is the Debye radius of
electrons. Formula (3) describes ion-acoustic waves in a dusty
plasma as first obtained by Shukla and Silin (1992). As seen
from (3) the presence of negatively charged grains increases
the velocity of ion-acoustic waves in comparison with elec-
tron-ion plasma. A, >>n, (as in Saturn’s rings), the condi-
tion for the existence of ion-acoustic waWgs<< Cg <<Vp,
may be fulfilled even in the case of an isothermal plasma
T~T,. The influence of charged particles on ion-acoustic

specific feature of the dusty plasma is a new mechanism for waves may be also obtained from the decrement of the Landau

wave damping, which is associated with the transformation
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n kC, wherewye. =eB,/ mg, ayi =eB,/mc, wyg =2ZeB,/mc= wy
y = \/g%— IV . are cyclotron frequencies of electrons, ions and grains, re-
M e (1+k ) spectively. For low frequencies<< wy; we obtain from (8)

At ka, >> 1 we havey O nnyy O n; (n-Z,g); thus the
. . e w=w

presence of negative grains (or negative ions) decreases HBl 200 2
Landau damping of ion-acoustic waves. Both results were

experimentally demonstrated (Barletral,1996). A similar Equation (9) describes the oscillations of the cyclotron
effect in a negative ion plasma was predicted by D’Angelo frequency of charged grains (D’Angelo, 1990). Experimen-
et al.(1966) and observed in experiment (Setgl, 1991). tally these oscillations were investigated by Barledn

al.(1995).

th9 : (9)

For the case of very low-frequency slow wavwes<
kVrei EQ. (1) provides the solution farin the form In the range of higher frequencigs; << w << we We
have from (8) the solution fapin the form

2 _K? DT 2T Ting 0
W= + . 4
m E 4 NT, +nT (1+ kzag)g ) W w}, c0529+oup ' (10)
This expression was first obtained by Raal.(1990); 1+ pe sin?6
it describes the so callellisty acoustic wavekqg. (4) may wHe
also be obtained from the system of equations For the case . >>wo. and 6= /2
pe He -

Ap =4me(n, +Zng —1y) (if whecos” 6 << w3), from (10) we obtain the solution for
Ne = Neoe™'Te = Ny (1+ ¢ / T,), the lower hybrid mode:
n=ne®T=n(1+ep/T) (5)

w= %«/&)Hewm . (11)

From (11) it is seen that the frequency of the lower hy-
whereny = n, + fiy, [fig] <<n,, N, andfiy are the equilibrium brid wave in dusty plasma with negative grains is larger by a
and variable densities of charged grains, respectively. In other
words, oscillations (4) are so slow that electrons as well as
ions distribute according to Boltzmann’s formula.

on . - T,
Wd+d|v(ndV):0, %:%?ng—m?ﬁﬂnd

factor of \/n; / N, >1 in comparison with that in an elec-
tron-ion plasma without dust grains.

(b) Cyclotron oscillations (c) Low-frequency electromagnetic waves

We use the common dispersion equation for waves in a
cold collisionless magnetized plasma, for a frequeney
Whe (Akhiezeret al, 1975):

Consider electrostatic oscillations of cold electron-ion-
charged grain plasma in the presence of a magnetic field

B, ={0,0,B,} .We will use Poisson’s equation

n,cos’ 0 —ng,(1+cos’ O) + &2 —€5 =0, (12)
Ap = 4re (e + Zny - 1Y) (6) ) _
dth ) ¢ o q o h ¢ wheren = ck/ w, 6Ois the angle between the wave vedtor
ggrtiiléa:quatlons of continuity and motion for each type o and the direction of external magnetic fi@g, andg; and
' & are components of the permittivity tensor:
- S 2 2 2
ong . o o N, _e, 0 VxBUO _ Wpe Wpi @Wp
= == &=1- - -
ot +div(n,V,) =0, & m, t— A (7) 1 - -l -
wheregy =-Ze, my = m. Writing the density of particles, in e = wHewge + wHiw;Z)i WH(‘J
the formn, = ny, + fi, and assumingi}| <<n, in the linear 27 (e - W) w(e - wZ) W@ -w?)
approximation for waves with wave vector
k =k{sin,0,cos6} , we obtain from (6) and (7) the disper- For w << wypipe the / value of & is
sion relation in the form g =1+C? [ VE >>|e,|, whereV, = By [ 4i(nm +ngm, +nm).
From (12) we find the solutions
1- zw ' 9 +coszeH 0. ®) oo KVac0s® KV, (13)
WDhia J1+v2 /e V1+V3 /&
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for Alfvén and fast magnetoacoustic waves, respectively. The
dusty plasma contributes only at the Alfvén speed. The case

of frequenciesu<< ay; is of more interesting, when we have
2 2

— Wy

wy(wWFwy) -’ (14)

and the value of the permittivity where is

g, =1+c?/ C4, where C, = By / y4m(nm +n,m,) is Alf-
vén's speed in absence of the dusty component. To ahtain
+ &, it is necessary to use the conditign- n, = Zn and
therefore the difference of electron and ion terms
4rEC(n —n,) | ewR, = W}/ wwy yields the same contribu-
tion as the grains. Them £ & depends on frequency only
throughw¥ wy. First consider the separate cases of waves
propagating along and across the magnetic field direction
(Kotsarenko, 1997).

At 8=0 from (12) and (13) we havé = ¢ + &, or

k:%\/soi

If the upper signs are taken, the wave has left rotation

w
wy(WF wy)

T N

(15)

and the solution for spreading waves presents two frequency

ranges:

(@) 0< w< wy. If w<< ay, the dispersion equation (15)
transforms into (13). Whew - «y the wave vectok in-

creases (Figure 1a). This is a slow mode with phase velocity

Vi =wlk<cl,g

(b) w= i/ wy, where wi = wf +w? / & . Inthis range of
frequency, the wave is fast with a phase velocity
Vi >c/ /g, (Figure 1b).

In the case of the lower signs the fast wave has right
rotation and exists in all ranges of frequen&yd< « (Fig-
ure 1b). At an anglé = 7/ 2 from (12) and (14) we have
n? = (e2 - £3)/ & or the solution fok (c):

K= wr\w w/wH (16)

In this case, for the range<Qw < wy, we have the slow
mode, and for the rang® > w? / w,, we have the fast mode
(Figure 2).

In order to study waves of arbitrafywe rewrite equa-
tion (12) in the form

2 w? 1+cos g W’ ws
k* -k &
c c0s’0  w* - wh
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w4 & w? w/wH_O
c* cos’0  w®-wh

(17)

Equation (17) defines two solutioks, (c) for a fixed
frequencyw and angles.

First we note that the cut-off frequency of the waves,
w. = w(k=0) at any angl@is w, = wsz | wy . Forwnear cut-
off frequencya, from (17) we find two solutions: a first
solution withk - 0 atw - @

2 2 2
kZ:w — W Ws

2 2
¢  wj(1+cos®h)

(18)

describing the fast wave, and a second solutionkwth at
W W

w2 w
k2 = W 1+ cos’ 0 “s%p 19
02 0700 o oy (19)
Analogously, forw < wy, it is possible to find a first
solution from (17) fok — o atw - wy-0:

2

2 W
K2~ W’ 1+cos’ 6 p 20
¢? cosh wi-w (20)

and a second solution limited@t— wy:

2 4 4
= E W0y (21)

¢® 1+cos’ 6 whw)

If w - o, from (17) we obtain the solutions
k=w\/&y / ccosfand k= w.e, / ¢, describing Alfvén and
fast magnetoacoustic waves in electron-ion plasma. At low
frequenciesw<<awy, as mentioned above, we obtain again
solution (13) defining Alfvén and magnetoacoustic waves in
a dusty plasma taking into account the contribution of a
charged dusty component.

These particular solutions yield the qualitative possi-
bility to reconstruct the dependende)) for any angled for
all range of frequency range (Figure 3).

From Figure 3 it is seen that in a dusty plasma in the
low-frequency rangev<<wy;, there are two characteristic
Alfvén speeds: a low velocity in the dusty plasvhgand a
high one in the electron-ion plasria. Two modes have
velocities less tharc cosf /\;’?0, one mode is fast with

phase velocity; >c/ /& .

(d) Kinetic Alfvén waves

Kinetic Alfvén waves (KAW) are interesting for the fol-
lowing reason. For ordinary Alfvén waves we haxek,V,,
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Fig. 1. Low frequency electromagnetic waves for the algl®. (a) Left-rotating: in frequency ranges @ < ), the wave is slow; in the

frequency rangev = w: /wH

the group velocity is\7g =dw/ Kk and it is strongly ori-
ented along the magnetic fie, =V,B,/ B,. For kinetic
Alfvén waves, taking into account the temperature of elec-
trons (Hasegawat al, 1989), the law of dispersion has the
form

w? =KVA(L+K5C 1 wfy) (22)
whereCy =\ T,/ m . Hence, a component of the group ve-
locity perpendicular to the magnetic field and a longitudinal

the wave is fast; (b) right rotating: the wave exists in frequency range0 <

component of the electric field of the wave appear. This is
very important for processes of interaction of charged flows
with KAW and for the contribution of the KAW in processes
of transformation of waves in space plasma, first of all, for
the process of heating of the solar corona by means of Alfvén
waves (Kotsarenket al, 1993).

In order to study KAW in a dusty plasma, we start from
Maxwell’s equations
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Fig. 2. Low-frequency electromagnetic waves for an%gieﬂz In the frequency rangesOw < w, the wave is slow; in the frequency range
w= w /w the wave is fast.
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Fig. 3. Alfvén and magnetoacoustic waves.
B=A4ny =__108 ﬂ:—iﬁ VX @ 24
rolB==Jj, roE=-;% 23) ot Ho (24)

the equations of motion for charged particles

Ti

s.e\ 2

E+V x @y
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and the equation of continuity for a charged dusty compo-

nent
% +div(nV) =0 (25)

Itis convenient to use scakuand vectorA potentials



10A
cot’

As these potentials are not uniquely determined, we may
chooseA, ,=0. The solutions fop andA, are found in the
form

E=-0¢- H =rotA. (26)

¢, A, ~ expi(at —kz— Ky )
Writing the densities of electrons and ions as
Neji = Ngjo + O, (|5ne,i |<< ne,io)

and assumingrk,<<Vr ; from the z-component of first two
equations (24), we obtain:

o= p (ot~ L) on = (ko -2A) . @)

The variable density of a dusty componém¢n =n, +
on) is obtained from (25) and the last equation (24):

2
5n—|”°d|vv——ze”°§¢+ kg) p- X

(28)
Assuming conditiorka. << 1 from the neutrality con-

dition dn; = dng+Zdn, and using (27) and (28), we obtain the
first equation forp andA,:

g g

"H SH S

where C; = \“//ZZTeTinol(noeTi +n,To)m is the speed of
volume dusty acoustic waves (Retaal, 1990). To obtain a
second equation for potentiglandA,, we use the equation
for E, obtained from (23):

OdivE - AE = — 4?‘”‘

k2ciO
w

|<2<:d kqu

wwH

D_w

(29)

- (30)

Operating on the formula (19) with-[Jwe have :
471

(31)

From (24) the solutions for the velocities of ions and
charged grains faw<<awy; are

Dmm?m: (% DD[ED!
Hi
Up @D :_i%ew 7~ Uo DED
m(w* — wy)

Next we obtain from (31) a second equationffandA,:
2 2

pri w O

w _ P
z Hwﬁi w* - W Hp

A=X (32)

From (29) and (32) the dispersion equation follows in
the form

Dusty plasma in space

Ck>  C3k? 2 0 KCZHw) w? 0O

- Z)Zz_wzd—cuoz :% El_ w2 %w _wz—prH
H 7 Hi H

(33)

From here, for the case<<wy;, C4<<V,, we obtain
the solution

w? = KAVA(1+K2CE / wf) (34)

which is a natural generalization of (22) for the case of a
dusty plasma. This formula, for the casg<n;, when

Cy U ZT; / m, was obtained by Shukla and Rahman (1996).

In the intermediate range of frequenciag<<w<<wy; in-
vestigated above, the dispersion equation (33) has the form

(w2 - Q%)(wz - kZZC§) = (a)2

whereQ, = w,wyi/w,i is @ new characteristic frequency.

-K2C3)KiCE, (35)

If w>>Q, from (35) atCy<<C,, the solution for the
frequency is
w* =kGCA~kECq (36)
which resembles KAW in an electron-ion plasma with the
negative term- kécg for frequency. For the casg=Q, and,

as beforeCy<<C, the solution (35) for frequency has the
form

kiCa

Fonah (37)

2 2 D
w +K; CAB'L Q2

Notice that the conditiom = Q>>a} used to obtain
(35) and (37) requires the fulfilment of inequalifyn>>nm,
which obtains only for some types of dusty plasma.

Thus, in a cold dusty plasma for frequencies lower than
the cyclotron frequency of grains<<awy, only slow Alfvén
and magnetoacoustic waves (13) may propagate, where
Alfvén's speed/, is defined by the masses of all three plasma
components: ions, electrons and grains. In the frequency
rangewy<<w<<wy; for fixed wand angld, the propagation
of two waves takes place (or one in the frequency range
wy < w< w? | wy). The characteristic velocities of waves
Ca in the casaw>wy are defined only by the densities of
electrons and ions. Not far from the cutoff frequency
w, = w? | w, which does not depend on angl¢he waves
may have velocities larger thafy or C,.

Kinetic Alfvén waves in the frequency range<ay
have the same dispersion law as in the case of an electron-
ion plasma, but their Alfvén speed is defined by the masses
of all three components of the plasma, including grains. The
role of the ion cyclotron radius has the param&guw,,
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whereC, is the speed of the volume dusty acoustic wave.
But in the frequency range,<<w<<wy;, the character of

waves changes and a new characteristic frequency appears:

Q, = wWywhi/wy;. In the frequency ranga>>Q, the wave is
like a kinetic Alfvén wave in an electron-ion plasma with
negative term-k3.

(e) Surface waves

A space dusty plasma is often a semiinfinite system
with a sharp boundary between vacuum and expanding
plasma. Therefore, the investigation of properties of low-
frequency surface waves of a semiinfinite multicomponent
dusty plasma is a subject of great interest.

Let us consider a uniform dusty plasma filling the half
spacex<0 (region I), and assume empty space in region I,
x=0. We assume the wave frequencies are sodswk\Vr, ),
that Boltzmann'’s distribution (5) can be used for both elec-
tron and ion component. We use Poisson’s equation

divE =-A¢ = 4me(n,+Zn=n) (38)

and the equations of continuity and motion for charged grains
(density of grain® = n, + i, |ii|<<n,):

N
ot

ai

y +n,diw =0,

-_ZegZe
=-Lep ey (39)

We find a solution fofi, ¢ in the formf(x) exp (at - k2)
atoloy = 0. Then from (39) we have:

f—ilo 7 =i Zeg
n—|5d|vV, V—|WE . (40)

Using (5) and (40), equation (38) may be rewritten in
the form:

divD=¢ /a3 (41)

where the vector induction B = &4E; &4 =1~ w} / w*;w,
is the Langmuir frequency of grains, and
ap :\/TeTi | 418%(n, T, +n,,T,) . From (41) we obtain a
first boundary condition

D! = p!

Y x or

5d¢| =¢

(42)

|i|
x=0 x=0

A second boundary condition is the usual condition of
continuity of potentialp:

I — 4l
' =0"| (43)
We may write equation (41) as
02 |
-y =0 (44)

where y? =k? +1/ g4a3. Thus, the solution fof! is:

78

' = Aeri @i x<0 (45)

Similarly, for a vacuum in (44) we will have instead a
y2 value ofk? and the solution fog!' will be

¢!l = BehHilak)

x=0 , (46)

whereA, Bare arbitrary constants. Substituting (45) and (46)
into (43), (44), we obtain the dispersion equation for surface
waves:

yeq = -k 47)

Thus, fory, k>0 must begy < 0 orw < w,. From (47)
we may obtain the relatidi{c):

I 2 2
k=@ | &4 _w |9 "% (48)
CaVl*tes  Go\20”-wf’

whereC; is the speed of the volume dusty acoustic waves.
As £4<0 from (48) it follows that 184<0 or w < wp/\f‘E.
Thus, surface dusty acoustic waves exist in the frequency
range0< w<w,/ /2. The law of dispersion (48) was first
obtained by Bharuthram and Shukla (1993). Surface dusty
acoustic waves (48) are like low-frequency surface waves in
electron-ion plasma first analysed by Kondratenko (1965)
and Romanov (1965).

In the presence of an external magnetic fiécq in-
stead of the second equation (39) we will use the equation

:—ZﬁeE—VX(DH

N

ot
wherewy is the cyclotron frequency of grains. In this case
the meaning of/in (44) and the components of vector in-
duction D will be determined by the orientation of the mag-
netic field B,. Let us consider three cases of interest (A.
Kotsarenkeet al, 1997).

(1) The magnetic fieldB, is parallel to Z-axis, i.eB, Il k .
Then

2
- - 2_Kg 1
Dx_gDEx’Dz_g”Ez’y _Tmu+a%55' (49)
2

2

w w

wheree =1-——+—, g =1-—% .
w® - W}, w

The solution for potentiap has the form (45), (46).
Inserting this solution into boundary condition (42), (43),
we obtain the dispersion equation in the form

egy = -k

Since the values of, k are positive, it follows from
equations (50) and (49) tha0 andg;<0. The surface waves

(50)
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exist only ifawy<w,. So, we find that surface waves may ex-
ist only in the plasma with grain Langmuir frequency greater

=

than a cyclotron frequency. The frequency region for the :
waves is defined by i |
Wy <w<wg/\2 , - {w/Cq
~ } 7/
- L s
where w, = \;’wﬁ +wj . The evident dependenkgw) fol- . L
- | d
lows from the equation (50): L '»’
L !
L |
AENA%
k=& | ——S 51 - '
Cy \ 20° - (51) - :
- |
The dependenddw) from (51) is presented in Figure L |
A . L |
4. The value of the minimum wave veckgiis equal to ko [___ |
Wy W i ! '
Ry (52) ‘ | |
Cq wp — Wy L | | 9]
(IS S WO TR U ST VU WO U (N U S U S JUUN TS S N N O S S |
It follows from equation (52) that the maximum length
q (52) g ooy &, /21/2

of the surface wave isr#ky. The upper limit for the value of
k follows from the Cor.]ditio.rw>> |.<VT' This restriction fol- . Fig. 4. Dependenddw) for the surface wave in the case
lows from our approximation which neglects the dust grain _
thermal motion. HereV; =+/T/m, T is the dust compo- o
nent temperature. In the caag = 0, formula (51) trans-
forms into (48).

5

(2) The magnetlc f|eIdBO is parallel to the Y-axis, i.e.
B,OKON, where N is the vector normal to the plasma
boundary. In this case we should introduce in formulas (41)
and (44)D = .E, y? =k®+1/ £-a3. The dispersion rela-
tion takes the form:

(53)

Tap \1-£2 _C_d\ (200 - 20, - ?)

The frequencies of the surface waves follow from the
conditionse <0, 1- €2 <O0:

Wy SwSWh+wi/2 . (54)

LA AL U A S U A Y T R N R U N T B R B '

€y,
F B N N SO U T U N TN U T W NS WA S B
These waves exist for any relation betwegrandc,

The dependendé€w) according to equation (53) is shown in wh (coH2+a)p2/2) /2
Figure 5. For the limik— O (w=ay), the solution (53) may
be rewritten asw= wy, +k’Ci/ 2w, . Thus, the phase ve- Fig. 5. Dependenddw) for the surface wave in the case
locity of the surface wave in the case. ayy may be much B,CKON.
greater than the value 6.
(3) The magnetic field, is parallel to vectoN(éO"N), ie, RIS

S, . | _1;g 1 (@)@ - )
the magnetic field is directed along the X-axis. In this case k —%\3 T—ee - C_\ (207 - 202 — ) (55)
_ ‘ - H ™~
D:{suEX,O,sDEZ}, y? =k fo, 1 1 . The dispersion re- i

_ & £||aD

lation has the forng; y= -k, so as in case &;<0. This leads The possible frequencies of the surface waves in this

to the conditionwy<w, and the dispersion relation  case follow from the conditiong<0, ge;>1, that leads to
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condition (54). The dependenkigv) is similar to that shown drift velocity U,. The condition of electroneutrality has the
in Figure 5, if one replaces the longitudinal frequency form

| Wf +wh /2 with ay2.
For perturbations with phase velocity satisfying condi-

Thus, low-frequency electrostatic surface waves in a .

) ; tions
magnetized dusty plasma caused by the charged grains mo-
tion have been examined. We have found that the action °f|w/ K<<s,, |w/K<s, |w/K <s, we obtain from (56):
the electron and ion components, where the Boltzmann dis- !
tribution for electrons and ions is assumed, is reduced only to
the shield of the potential. It has been shown that the surface-

Noj + Nip = Noe an .

>
-
4L 4 1 Y i Nmw _

wave range of frequencies is defined by the Langmyénd kzag kzaiz W ks%aez

cyclotronwy frequencies of charged grains. The frequencies —  w-kU Y e

of surface waves propagating along the magnetic field, and i \’3"‘*’2 —iv =52 g (W=KU) K8y ~ (57)
in the case of magnetic field which is normal to the plasma ks k8ipSip

boundary, are limited by the relatiogy<c,, which is com- . ) . ]
mon for a dusty space plasma. In the first case a minimumWhereaw, is the Langmuir frequency of grains. As in (57) the

wave number exists, and the surface waves are slow, i.e. theifmaginary partis small, we may find a solution for frequency
phase velocity is less than the velocity of volume dusty acous- @ i the formw = & + i/, where &' << «'. Then from
tic wavesC,. If a magnetic field is normal to the plasma bound- €duation (57) we obtain

ary, the phase velocity of surface waves near minimum fre- . wp
guencywy may be arbitrarily greater thagy,. w= ] 1 1 (58)
Ve g
Instabilities in dusty plasma
Different mechanisms of instabilities in a dusty plasma @' = N ' E& + W KU, e—(w'—ka)/kza%E _ (59)
have been investigated. First there are two-stream or drift in- w 2k3w§ Dﬁaiz Sbai% O

stabilities (Bharuthrarat al, 1992a; 1996; Choet al, 1995;
Havnes, 1988; Lakhinat al, 1987; 1988; Melandset al,

1993b; Reddyet al, 1996; Rosenberg, 1993, 1994, 1995;
Verheest, 1987), the Rayleigh-Taylor instability (D’Angelo,

Equations (58), (59) determine real and imaginary parts
of frequency of dusty acoustic wave. In obtaining formula
(58) we have neglected the imaginary electron term which is
of order

1993), the Kelvin-Helmholtz instability (D’Angelet al., m as compared with unity. As seen from
1990) and so on. According to these papers we will Cons'derformula (59), at large velocity of dritt,>U,. the imaginary

typical cases of kinetic and hydrodynamical instabilities. By part of frequencyd’<0 and there will be an instability of the
investigation of kinetic instabilities we may use the common dusty acoustic wave caused by ion flow. Such a situation

k_inetic dispersion equatli:r)]p for W?wéexpi(.ax—kz) in a mul- takes place in the rings of giant planets, plasma cometary
ticomponent plasma (Akhiezet al, 1975): tails and so on. Supposing an exponent in formula (59)

g (w,k) =1+ Z K212 {1—¢(Za)—ifnzae‘23} =0 , approximately 2unity we obtain a value fat,. as
- [ 2]
aséTibg " Ug = TEH Sb—a‘ZbED Cy, whereCy is the velocity of the
(56) ‘

dusty acoustic wave. Formulas (58), (59) are not valid for
“cold” ion beam, wher{w' ~kU, )/ ks <1.

where ag; i, = \/Te'i’ib / 47'1noeyi’i,0e2 are Debye radii of elec-
trons, ions and ion beam respectivedy,= T, / 47Z%€’n,

is the Debye radius of charged graiag,= (w—kU,)/ks,,

Sy =+ 2T, / m, is the thermal velocity of the-th kind of
particles,U, are velocities of drift¢(2) is plasma dispersion
function (¢(2) =22 a |74<<1, ¢(2)=1+ 2 AT

...at ¢ |>>1). The dispersion relation (64) may be used for
different plasma models.

Consider now the case of hydrodynamical instability,
when in formula (56%,; << 1,zy >> 1 andz, >> 1, i.e. the
ion beam is “cold”. We neglect also Landau damping of waves
caused by electrons and ions. Then the dispersion relation
(56) becomes

2
w.
——(w_IF("LbJ % =0 (60)
o

Let us consider a plasma consisting of stationary elec- wherecy,, is the Langmuir frequency of the ion beam. The
trons of number density,, ions of number density,;, nega- dispersion equation (57) is familiar from the theory of plasma
tively charged dust particles of number densjtgnd charge  (Krall et al, 1973). The criterion of instability may be written
Ze, and an ion beam of density, thermal velocitys, and in the form
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KUy < |— [Dl+§a£ib§§ (61)
1+ K2a2 g P |

where a3 = a2a” / (& +a?). If, as usualip>>a, crite-
rion (61) may be simplified as:

KUy < @y / \;‘1+ (62)

1
k*ad
In addition, wherkay << 1 we may further simplify to

U, < Wpinap (63)
Note that equations (60) and (63) are validfge>s,,,

so the inequality (63) should be understood as

Sp<<Us<tpinap. For w<<ky, solution (60) forw may be

written as:

1 %
w=iwp/\/l+@— kzug

For long-wavelength perturbationsag<<1) Eq. (64)
becomes

(64)

w=kwyap /1~ whpad IUZ (65)
and for condition (63) we have an aperiodical instability with
increment

w=~ikayag /|| whpad /U -1 . (66)
In conclusion, short-wavelength perturbations are more
unstable than long-wavelength ones.

Solitons in dusty plasmas

As we have shown above, in dusty plasmas wave exci-
tation mechanisms will often give rise to large-amplitude
waves, where nonlinear effects will be important. One of the
more interesting nonlinear effects is the possibility of for-
mation of solitons. lon-acoustic and dusty acoustic solitons
in dusty plasmas have been investigated (&aal.,, 1990;
Bharuthramet al, 1992b, 1992c; Verheest, 1992; Shukla,
1992; Lakshmet al, 1994; Mamuret al, 1996). It turns out
that ion-acoustic solitons may be compressional or dilata-
tional in the presence of negatively charged grains @Rao
al., 1990), if the density of grains is large enough. In a dusty
plasma compressional and dilatational dusty acoustic soli-
tons will occur depending on the sign of the charge number
Z and the density of grains.

lon-acoustic solitons

For studying ion-acoustic solitons we use Poisson’s
equation

Dusty plasma in space

02
29 = are(n+2n-n) . (67)
and the equations of motion and continuity for ions:
Vi oV, e 09
Vi g T M (68)
‘;t”ur 2 (nv)=0 (69)

The electron number densityis given by the Boltzmann
distribution

Ne = Ng,e*'Te (70)
The condition of electroneutrality in equilibrium leads to
Mo = Neo + 2N, (71)

whereng,, N, andn, are the equilibrium number densities of
electrons, ions and dust particles respectively. Grains are as-
sumed motionless, so in equation (64¥ const Solutions

of the equations (67)-(70) take the fof(m,) = f(zUt) =

f(Z), where U is an arbitrary velocity to be defined later.
Then from (68) and (69) we obtain expression¥fandn;:

_11_ l1y2_2ed _ u _ n
V;=U \U ™ n=neg= v = ‘1_ ;eqb
\/ mu*
(72)

Here we used the conditiong:-» O, n; - i, at jg| - o .
Substitutingn; from (72) andh, from (71) into equation (67)
we obtain the equation for the potengal

4ne{ e Te -
dz

W + Zno} (73)

V" omu?

It is convenient to use the dimensionless variaptes
eq’Te, é=Z/ a8, o=niy/ng, M=U/C,, wherea, = 47'1e2neo /m,
is the Debye radiusC; = T,/ m is the speed of ion sound

in plasma, andJ is the Mach number. Then equation (73)
becomes

d_g = (ﬂ - -1 .
dé \/1
After multiplying bydg@/d¢ and integrating over the ap-

propriate boundary conditions for localized solutionsg,.e.
dg@dé - 0 atlié0d- o, we find from Eq (74)

(74)

10dorf
20dé0O

2D‘ _2¢

) -1 (5-1)p=(g).

(75)

=e?-1+M

We consider only the case of a low potential, wipen
<< 1, @M2 << 1. Then function¥(¢) = 1 (A¢? - B¢?) is
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exact, wheréA = 1 - M2, and B= l( -1), and from
equation (75) we obtain the equanon%n the form

Aquz Bg®

=+

do
o (76)

We may determine the amplitugg of the soliton from
the conditionp = @, atdg/ dé = 0, and from equation (76)

¢n=A/B (77)

This equation yields a relation between the amplitude
@, and the velocity) of the soliton. From equation (76) we
find the solution fory(¢):

)= Chzgﬂfg Chz#(z Ut)@

Ford= 1(n, = 0) equation (78) describes the well-known
ion-acoustic soliton in an electron-ion plasma Where accord-
ing to equation (77M? =U /C2 ~1+2 3 @ andA=2
If n,# 0 (dusty plasma) we obtaln from equation (377)

(79)

(78)

~6+

O,  A=3-0¢q, .
Since in (78)A must be positive (A>0), we have two
cases from Eq (79):

@lf o= n‘° <3, then A>0 aty,, > 0. In this case, Eq. (78),

(70) anglo(72) determine a compressional soliton ngth
(&) > nge, Ni(€) >ny,, which is similar to the ion-acoustic
soliton in an electron-ion plasma.

(b) If 5>3, thenA>0 aty,<0. According to Eqg. (70) and (72)
we obtain a dilatational soliton, which is not found in an
electron-ion plasma. This result was obtained by
Bharuthram and Shukla (1992).

Dusty acoustic solitons

For treating dusty acoustic solitons we use Poisson’s
equation (67), where electrons and ions are assumed to be

where A =

Substituting densities, ;andn from (80) and (82) into
Eq. (67) we obtain an equation for the potentia the form

D a
2 |
a9 - 4nezneoee¢” e+ (83
dz? 27Ze
1+ 428 ¢ D
D V" omu?
and after integrating with conditiongs d¢/dé —» 0 at(z[1-
00
0
3588- 4n nTo(eTe ~1)+
et/ T L 27e » .0
n,T, (€T —1)+n0mU2\“gl+ rilzfg ¢ —15 . (84)

Using the dimensionless variables e¢/T,, £ =Z/a,,
0=Nix/Nee 1 = TJTi, M2=mUZ/ZT,, equation (84) becomes

1009 _ g1, 5 o _ 2(5-1)E 1422 45
2oaen —¢ "1t (e 1+ Mo 1)E\1+M2 15

(85)

Assuming ¢<<l, @M2<<1, ng<<l we can write the
equation (85) in the form (76), where the coefficiehtnd
B are

5[|
Q-

A:1+5r7—5M—1 % n-1-3 (86)
Thus solution for potentiah has the form (78). From
Eq. (77) and (86) we find

2 _
M 1+ 5 L1-n¢,) . (87)
2(1+3°n%) +8(1+n*) +63n

3(0-1)(1+0n)

(88)

In dimensional form, from Eq. (87) we may write an
expression for the speed of a dusty acoustic soliton:

U%=Ci(1-Agy) (89)

distributed by Boltzmann’s law: whereC, = \J““‘ZznOTeTi I m(n,T; +nyT,) is the speed of the

Ne=Neue®’ ™, n =ne '™ (80) dusty acoustic wave. From Eq. (86) and (87) we find the
meaning A, which determines the width of the soliton
For the grains we use the equations of motion and con- | — 2a, JA:
tinuity:
N yN -2edb  n VA= ~(1+3nAg, (90)
AV E=8% Frgmv=0 (81)

Thus forA>0 we have two cases:
whereV andn are velocity and number density of the charged
grains. For a solution of the kiri(z-Ut) = f(Z) we find the
density of grains from (81):

nO

o
1+ 2Ze
[1+-££5

\Tomu? ¢

(a) Z>0 (the grains have negative charge). Then from (79)
6:ﬁ>1, according to (88) and (9@>0 and we must

have @,<0. Here we have a soliton of negative potengial
(78), in the field of the soliton there is an increasing number

(82)
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density of grains (82) and ions, and a decreasing number In this case instabilities like that of Buneman (1958) may
density of electrons (80). occur (Rosenbergt al,, 1995; Melandset al, 1993). These

b) 7<0 (th ins h . h Then f 7 instabilities may form spatial structures from hundreds to
(b) (the grains have positive charge). Then from (71) tens of millions of kilometers. Similary large-scale spatial

6<1, and according to (88) and (%50 and forA>0 we structures are formed in the dusty plasma of cometary tails

must haveg,>0. Here we have a soliton of positive poten- by interaction with the solar wind (Havnes, 1988; Reeldy

2al; n th? f|elq of théa.sohton(;herg IS a d(_acre;\smg nufmtl)er al., 1996). In particular, they may be a cause of formation of
t:)?]z'ty of grains and ions and an increasing density of elec- y, o ray structures of plasma cometary tails and condensa-
: tions.

Dusty acoustic solitons were first investigated by Rao,
Shukla and Yu (1990). Coulomb crystals in laboratory dusty plasma

In recent years interesting and surprising results have
been obtained in laboratory dusty plasma. For ordinary clas-
One of the first space structures associated with the Sica@l plasma the ratio between the average Coulomb energy
presence of dusty plasma were the radial spokes in Saturn’s'Wp @nd the kinetic energy of a charged particle system is
B ring (Figure 5), which were observed by Voyager (Smith F=W,/W,<<1 (91)
et al, 1981, 1982) (Figure 6). The theory of these spokes
was developed by Bliokh and Yaroshenko (1985), Goertz WhereW, = 2/ ', W= T. Hereq is the electrical charge
(1989) and other. The explanation concerns the excitation of of particle,  is the interparticle distance such that
space charge waves in the dusty plasma of Saturn’s rings. (3/4rm)1/3, which is determined by the particle densitand
Such waves have a dispersion relakoea'V,, whereV, 110 T is the temperature.
cmslis the grain velocity. Bliokh and Yaroshenko estimated
the frequency as the inverse of the halflife of the spokes,
yielding w= 1= 103s! and obtaining a spatial dimension
of I = 2rk=100Gkm which is close to observation. But an-
other cause of formation of such structures is possible. In
Saturn’s rings different two-stream instabilities may develop.
In the rings lighter plasma particles (electrons and ions) ac- t=0s t=1s

tually move together azimuthally at a sp&kchear the co- (@)
rotating speed, and heavy dust grains move azimuthally near
the Kepler speetl, # U.. The relative drift speed - Uy
may be comparable to or greater than the ion thermal speed.
i —_ h—l-._ | ]
r“.q-ﬁ_‘-'ﬁ-—.!_-q

Astrophysical applications

It is known (Slatteryet al., 1980; Ichimaru, 1982) that
whenl™ exceeds a critical value~170, a Coulomb lattice
or Coulomb crystal is formed (Figure 7). In the electron-ion
plasma, wherg equals the charge of an elect@rihe so-
lidification condition of

Fig. 6. The picture of the radial spokes in Saturn’s ring. The azi- Fig. 7. Micrographs of hexagonal structures and more disordered
muthal width of a spoke is typically a few thousand kilometers. structures at different power. The bars correspond tquB00
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r>r, (92) CONCLUSIONS

requires a high-density and low-temperature system, and it Dusty plasma is a very interesting object in space and
is difficult to satisfy such conditions. However, for dusty in the laboratory. Even at low number densities of charged
plasmag=Zeand an average potential energy of charged dust dust partlc]es as compared with the number density of elec-
particles W, :zr__e: Zzez%/a for  condition trorjs and ions, thg dusty component chang(_as the spectrum
A d _of linear and nonlinear plasma waves, causing the appear-
2"} ng >>3/n, may greatly exceed the average potential 5nce of new very slow waves which form spatial structures.
energy of electron and ions. Then condition (92) may be sat- |n conclusion we may explain some observed space struc-
isfied and conditions for the formation of Coulomb crystals tures by the influence of the dusty component of plasma. In
exist. The condition (92) for dusty plasma, or the laboratory it is easy to obtain strongly coupled dusty
zzezgfd / T >170 are easily met in laboratory conditions.  plasma with Coulomb potential energy much larger than the
Direct observation of Coulomb crystals in strongly coupled kinetic energy of plasma. Such plasma has a tendency to self-
dusty plasma was first obtained by Chu and Lin (1994) us- organization, i.e. formation of Coulomb crystals of different
ing a discharge system. The strongly coupled dusty plasma Symmetries.
was formed by suspending fine negatively chafj€H par-

ticles with 1Qum diameter in weakly ionizedr discharges. ACKNOWLEDGMENTS
The Coulomb crystals were directly observed for the first
time using an optical microscope. By properly controlling The authors thank Silvia Bravo for help in preparing

the system parameters, hexagonal structures and solids withthe paper.
coexisting different crystal structures could be formed. In
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