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On the higher-order solution of the dust-acoustic solitary waves
in a warm magnetized dusty plasma with dust charge variation
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The higher-order contribution in reductive perturbation theory is studied for small-but-
finite-amplitude dust-acoustic solitary waves in warm magnetized three-component dusty plasmas
comprised of variational charged dust grains, isothermal ions, and electrons. The basic set of fluid
equations is reduced to the Zakharov—Kuznetsov equation for the first-order perturbed potential and
a linear inhomogeneous Zakharov—Kuznetsov-type equation for the second-order perturbed
potential. Stationary solutions of both equations are obtained using a renormalization method. The
effects of the higher-order contribution, external magnetic field, dust charge variation, dust grain
temperature, ratios of temperature and density of positive ions to electrons, and directional cosine of
the wave vectok along thex axis on the nature of the solitary waves are investigated.2004
American Institute of Physics[DOI: 10.1063/1.1739235

I. INTRODUCTION of oscillations incorporated in the plasma. Under this situa-
- ] tion, the grain charge becomes a time-dependent and self-
An exciting area of the most recent research is the studynsistent variable. The consequent modifications in the col-
of electrostatic and electromagnetic waves in dulsty Plasmagsctive properties of dusty plasma in response to the variation
One of these waves was discovered by Raal,” which ¢ charge have been studied for various plasma sysidros.
they referred to as the dust-acoustic wave. This wave is @yample, Nejol showed that the dust charge variation with
very low-frequency acoustic-like wave, and the restoring,,rameters such as electrostatic potential, and electron and
force comes from the pressures of the inertialess electrongy, gensity would affect the characteristic collective motion
and ions, whereas the mass of the charged dust pE;I’tIC|%‘.f the plasma. Therefore, the effect of variation of the dust
provides the inertia. The experimental result of Ghual, charges should play an important role. Yéeall! derived
as well as its interpretation by D'Angefohave for the first small-amplitude DASs with varying dust charges and have
time proved conclusively the existence of such l0W-gpon that only rarefactive solitary waves exist when the
frequency wave modes. These conclusions have been Va“?lach number lies within an appropriate regime depending

. . 4
d?tsd Sg the mdngndgg; exper |mentskor: Batr)kaal. dand q on the system parameters. Moreover, the dust-acoustic soli-
of Prabhuram and GoretExtensive work has been devote tary waves(DASWs) and double layerdDLs) in dusty

to the study of dust-acoustic waveBAWSs) in an unmagne- plasma with variable dust charge and two-temperature ions

; 6
tized dusty plasma. For example, Manmetral.’ reported that were studied by Xiet al,!? and they have shown that both

only negative potential structures associated with nonlinea&ompressive and rarefactive solitons. as well as DLS. exist.

DAWS can exist in a two-component plasma of ions and dusfn addition, the amplitudes of the DASWs become smaller

ﬁSirélcfnsél L:ills(soTﬁérili.necaarrrtl)?wosuitntged:;?etlfésﬁawﬁliln:tsic and the regime of admitted Mach number is extended wider
» anaty . yp -~ "~ for the variable dust charge situation compared to the con-
and fluid models lead to essentially the same results, limit o

. tant dust charge situation.
the dust thermal speed being much smaller than the dust- Up to now, most treatments of the DAWs have been

acoustic speed. Ma and Lushowed that a dusty plasma done in an unmagnetized two- or three-component dusty

ggg:d _admlt .dUSt'aCOUSt.'C solitdDAS) on avery slow time .éalasma, although dusty plasma invariably occurs in the pres-
e involving the motion of dust grains, whose charge i . - . .
self-consistently determined by local electron and ion cur-enCe of_an melent magnetic field, bqth N Space and n labo-
rents ratory situations. On the other han_d,_lt will be of g_rr—_:at |r_1ter—
' est to see how DAW characteristics are modified in a
e€rihagnetized plasma, especially in space environments, as in
the Jovian magnetosphere and in the induced magnetosphere
of cometst® Most investigations of dusty plasma in the pres-
aEjectronic mail: wmmoslem@hotmail.com ence of an external magnetic field have considered the dust
YElectronic mail: eltaibany@hotmail.com charge as a point chargseee, e.g., Ref. 13 and references

may exhibit charge fluctuations in response to certain typ
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therein. However, the study of dust grains in a magneticreductive perturbation theory has been known to be a pow-
field has been investigated in connection with the charging oérful tool?! To the authors’ knowledge, no efforts have been
satellites and rockets in Earth’s ionosphere andmade to study the effect of higher-order corrections in the
magnetospheré ¢ In general, the presence of an externalreductive perturbation theory in the presence of both varia-
magnetic field makes a dusty plasma anisotropic. Hencdjonal warm dust charge and external magnetic field. Thus, in
charging currents to a spherical dust grain is different inthis paper, we study, qualitatively, the propagation character-
different directions. In the presence of a very strong magistics of higher-order nonlinear DASWSs in a collisionless,
netic field, the orbits of the magnetized plasma particles arenagnetized, three-component dusty plasma consisting of
confined to one dimension along the field lines, as if they aravarm variational charged dust grains, isothermal ions, and
“glued” to the magnetic field lines. Hence, the perturbed electrons.

field does not come into play, and the problem of charging The outline of the paper is as follows. In Sec. Il, we
currents becomes independent of the magnetic flelisy-  write down the basic set of fluid equations describing the
tovich et al1® showed that when the magnetic field becomesmodel. The nonlinear DASWs are investigated by derivation
larger than a critical valuéabout 4 kG, the electron gyro- of the ZK equation for the first-order perturbed potential and
radius is equal to the electron collection radius on dusthe linear inhomogeneous Zakharov—Kuznetsov-type
grains. Only fast-magnetized electrons would then be in{LIZKT) equation for the second-order perturbed potential.
volved in the charging process, while a fraction of low- We apply the renormalization method introduced by Kodama
energy electrons would be reflected backwards along thend Taniutf? to reductive perturbation theory to obtain the
magnetic field direction. Hence, the cross section for magnestationary solutions of both equations. Section Il is devoted
tized electrons is changed, resulting in lowering the electroio discussion and conclusions.

current by a factor of 4 compared to that in the absence of a

magnetic field. In addition, at this value of the magnetic field

strength, the ion gyroradius is still much larger than the ion; M oDEL AND DERIVATIONS

dust attraction size, the ions will be attracted to the dust grain

with approximately the same rate, and the ion current on the We consider a three-component dusty plasma consisting
grain will then remain the same as in an unmagnetizeadf warm variational charged dust grains, isothermal ions and
plasma. For a much stronger magnetic field in plasma, thelectrons in the presence of an external magnetic t|d
ion gyroradius becomes smaller than the dust size. Heres BoX. The basic normalized equations governing the dusty
both the electron and ion currents are modified due to thelasma dynamics are written in the following forrh:

strong magnetization of the plasma particles. Tsytovich

et al® treated numerically the problem of a very strong —n+V~(nu):O, (1)
magnetic field in variational charged dusty plasma and re- t

ported the dependence of dust charge on the external mag-

netic field strength, as well as on the parameter —u+u-Vu—ZdV¢+ Z4(UX Q%)+ > 7d gn-o, )
. . t 3 nl3
=ym;T;/m.T,, wherem;/m.(T,;/T,) is the ion-to-electron n
mass(temperaturgratio. They found that the dust charge in V24=2Z4n+n,—n, &)
e I

a strong magnetic field could be substantially larggrto 12

times than that in the absence of the magnetic figdin a  The inertia of ions and electrons are neglected; hence, the ion
weak magnetic field Later, Salimullahet all” used the ki- and electron densities are governed by Boltzmann distribu-
netic theory to examine the currents of electrons and ions t§on as

a spherical dust grain in a uniform, strongly magn_etiz_ed ni= u exp — S¢), (4)
dusty plasma. They found that the external magnetic field
reduces the charging current, thereby decreasing the dust n.=vexp8S¢), 5

charge fluctuation damping of a low-frequency eIectrostatiQNhereM[:ni(O)/ZEiO)n(O)] and V[:n(GO)/ZEiO)n(O)] are the nor-

wave in a dusty plasma. . . . .
) malized ion and electron number density, respectively.,
Zakharov and Kuznetsd¥ made the first attempt to n(eo)’ and n© are the unperturbed ion, electron, and dust

model a sqllton na magnetlzeq three-ghmens_mnal Sys_temnumber densities, respectively.andu refer to the number
They obtained a three-dimensional differential equation

which is known as the ZK equation. Many authors have studEjenslty and fluid velocity of the dust grains, respectively.

) . The densities of electrons and ions are normalized by
ied the ZK equation(see, e.g., Ref. 13 and referencesz(o)n(o) and the dust grains density is normalizedr}). Z
therein using a reductive perturbation thedfyThe ZK d 9 y F o

equation contains the lowest-order nonlinearity and disper'—?c‘mr:aoimgtzsfi bc)llgtdroﬁ -I;:]: jgig;ciﬁﬁm\zﬁ’j{’ 3n1§(’j
sion, and it consequently can describe a wave of only Sr.n'fjlﬁllectr(,)static )c/)tentia}s areqnormali’zed by the Deyb ’e length
amplitude. As the wave amplitude increases, the width an P 0 . y Y 9

- : , . = (Tel4me®nZ() 2 the inverse dust plasma fre-
velocity of a soliton deviate from the prediction of the ZK “Pd 9“[1 d 5 (0’) () 172
equation, in dicating the breakdown of the ZK approxima-Quencyw,q = (mg/Ame"n™"Z; 7)™, dust plasma frequency
tion. To describe the DAWSs of larger amplitude, the higher-wpq= (47€’n@z{"/my)*2 the dust-acoustic speeGp,
order nonlinear and dispersive effects have to be taken int@(Z&o)Teﬁ/md)”z, andTqq/e, respectively. We introduce the
account. To this end, the higher-order approximation of thdollowing notations:
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T, 1 TiTe Infeld and Rowlands used the linear dispersion argument to
B= T S= Py Teﬁ:m, obtain the following stretching for the independent variables:
e e I
T, X=el(x—\t), Y=ey, z=e'%,
and odzm, and T=e¥2%, )

whereT,, T;, and T4 are the electron, ion, and dust tem- where\ is the phase velocity of the DASWs to be deter-

peratures, respectively. mined later, ande measures the size of the perturbation
We assume that the charging of the dust grains arisesmplitude. Furthermore, the plasma parametets

from plasma currents due to the electrons and ions reaching[n,n;,n¢,uU,,,Z4] are expanded as power serieseofas

the grain surface. In this case, the dust grain charge variable -
Qq is determined by the charge current balance eqution 0= c%0® (10)
=0 ’

dQq °

—+u- =l +1;. . "

ot TUVQa=letl, ©®  \ith the conditions

Assuming that(i) the streaming velocities of _the elec- n®=1, nfe):#, ngm:y, u§(°)=¢(°>=0, Z‘(jO):l,
trons and ions are much smaller than their thermal (11)

velocitiest® and(ii) the condition under which the Orbit Mo-

tion Limited (OML) theory in a magnetized plasma is still While uy , are expanded as
valid, the magnetic field i; strpn@about 4 kG enough to y= 63/2u<1Z)Jr e2u@ 4 523 4 3y@ 4. (12
make the electron gyroradius is equal to the electron collec- ' v .z .z vz

tion radius on dust graing.e., the electron current decreases The charge neutrality condition in the dusty plasma is always
by a factor of 4 compared to that in the absence of a magmaintained through the relation

netic field, and the ion gyroradius is still much larger than

the ion dust attraction sizg.e., the ion current on the grain p—v=1. (13
will remain the same as in an unmagnetized plastha Substituting Eqs(9)—(13) into Egs.(1)—(5), and using
Therefore, we have the following expressions for the elecz = y/y, in Eq. (7), the lowest-order ine yields

tron and ion currents for spherical grains of radius

—\2 (1)
1 o n(l)zi(l,(l), U(xl)=£¢(1)- u<1>:_)‘&'
Iez—Zewrz(BTe/wme)l’zneex;{T—), A A YQA oz
e N2 gD (14
ed ul=_—_ , 7D — @
|i:e1Tr2(8Ti/7Tmi)1/2ni(1_T), z QA oY d 71¢
i

. . and Poisson’s equation gives the linear dispersion relation
where ® denotes the dust grain surface potential related to q g P

the plasma potentiad. At equilibrium, equatingl .+1; to N=204+(1+y) L (15)
zero and using the expressionslgfandl; in Eq. (6), we get

where
ad(1—Sy)exp — Sé) —exp Sy + ¢1)=0, ()
_—4pA-Sp) 5,
Vilhere i//=e<D/Teﬁ, gz B/,LLi, iLiZmi/me%184O_, o V1= ¢0[1+B(1_SI/IO)] - 3 o] .
=4ulv=4n;5/ng, pu=d8(56-1), v=1/(6—-1), and S=(§5
—1)/(5+B). If we consider the next-order i, we obtain a system

Equation (7) is important for determining the dust of equations in the second-order perturbed quantities. Solv-
charges due to the relatidpy=C®, whereC is the capaci- ing this system with the aid of Eqél4) and(15), we finally
tance of dust grains Q=r). That is to say, —eZ; obtain theZK equation as
=rTxle, from which we have the normalized dust charge

1 3 1
Z4= il o, Whereyy=y($=0) is the dust surface floating % )+AB¢<1> ¢t AP

potential with respect to the unperturbed plasma potential atdT X 2 5x3

infinite place.y, can be determined by the following rela-

tion: +AD P N Py ~0 (16
(1~ Sifo) — exp(SBYo) =0. ® 2 \aXov?  axoz?
As can be seen, the dust charge is very sensitive to th&here

small disturbance ofp around the unperturbed state. This 2

point is very important for explanation how the variable dust A= ~
charge influence the shape of solitary watfes.

For small but finite amplitude, Eq$l)—(8) can be ana- 2 5 5
lyzed using the reductive perturbation theory. In order to find ~ g— 113\ ~500 3n i (=1)(6=p)" 2y,
a suitable choice of scaling for the independent variables, 2 A3 A (6+B)?
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A4 - 1
and D=1+ O7A7 4=
The second-order perturbed quantities can be calculated,
with the aid of(14), as (504+3\2)  (Bog+9\?) 1y,
‘]l: 6)\ Il_ 2 K )
) a2 2PV P 2pd 36AN
n@=1,60"+] lg| —+ —
1 Zoxz B\ avz o az2
9 5(Td+ 3)\2
+1402, (173 =
2 (1) 2 4(1) 2 (1)
W=, 3,00 g TP T
* ax? a2 9z2 1 504+3\2 33 ] R
+3,02, (17b ’ 6 s02 ) Tt AT
A3 (92¢(1) A3 (92¢(1)
(2) — (2) — _ 201 —
W T qza axay Y T g2y axaz: and y,= RESRRE S%l.
5 2¢o[ 1+ B(1—Siho) ]
2P =y ¢V + 012, (179
where If we consider the next-order of, we obtain a system
S—1)(5— B2 of equations. Solving this system with the aid of E(st)—
= (O-1)(6=F) 7 _ s l=ly=1 (17), we finally obtain the LIZKT equation for the second-
2(8+B)? A order perturbed potentiab(®):
|
(2) 3 1(2) 3 1(2) 3.4(2)
I +ABi(¢(1)¢(2))+éa ¢ +E 7 +z9 ¢
al X 2 9x3 2 \gXaY? 9xoz?
(1) 3 (1) 3 (1) 3 (1) (1) 92 (1)
=_Hl¢,<1>2‘9"S H2¢,<1>‘9d’ “H, ¢<1>‘9¢ +¢<1)‘9¢ “H, A A
X ax3 aXaY? aXaZ? X 5X?

[yd)(l) 0’;2¢(1) 0’;(/)(1) [72(;5(1)
X gY? X 572

5

a¢(1) (92(1)(1) (9¢(1) (92¢,(1) [75¢(1)
— + —
6( oY oXaY = oz axaz) H7 oX5

075 (1) 15'5 (1) 075 (1) 0—,5 (1) (5'5 (1)
axX3aY?  gx39z2 aXaY*  aXaz*  aXaY29Z?2
|
whereH; (i=1,2,3,...,9) is given in the Appendix. 9@ P A #Bp?@ AD( 32p?
Now, the basic set of fluid Eq$l)—(8) is reduced t&Z K o +AB(9_X(¢(1)¢(2))+ > T 5

[Eq.(16)] for 1), and a LIZKT[Eq. (18)] for ¢ of which X IXIY
the source f[ern(mhgr)nogeneous termis described by a PEE 59 9@ RCHPPAEY
known function of'*). However, Eq.(18) has a resonant + _ =A@ (pMV)+ — . (20)
term that gives rise to a secular solution. Thus, to eliminate IXIZ? I oX I oX

the secular behavior, we use the renormalization method, @ . .
which was introduced by Kodama and TanfftAccording ~ Where A™ represents the right-hand side of Eg8). The
to this method, Eqs(16) and (18) are modified to parametgr_aﬂ in Egs.(19) and(20) can be Qetermmed from
the condition that the resonant term Ad?) is canceled out
by the term §9/1)(d¢pM/aX).2*
Let us introduce the variable

ua +ABp A +é i +—AD Lt =IX+mY+nZ o T 21
oT X T2 2 | oxav? p=IX+mY+nZ—(9+ 59T, (21
3,(1) 1) where 9+ 69=M—1=AM, with M the Mach numberl,
°¢p oY d¢ ; ; ; 2 2, 2
4 — (19) m, andn are the direction cosinesl{+m“+n“=1). Inte-
IXaZ? I X grating with respect to the variabigand using the vanishing

Downloaded 06 Jul 2004 to 140.105.16.2. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 11, No. 6, June 2004 On the higher-order solution of the dust-acoustic . . . 3307
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7 : .
4 500 , ;
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0- ——EET e P 4 a i asaaeaann ee’ G,
0 20 4Io 60 a'o 100 120 140 FIG. 3. ¢ Vs oy for 6=30, andp=0.1.
&)
FIG. 1. Z4 vs & for different values of3.
o 99 F? e_Fe &
“Ap2?F | 2ABT 5 (E2—Eg)
boundary condition fors{;) and ${2) and their derivatives
up to second-order fdr|—o, we obtain from(19) and(20), 5 2 992 F2
the equations + 13ABEs sechi(7/w)+ (AB)2IZF| SABE!
241 + F E,+E 5AB
d°¢ +E Ed,(l)_ﬁ s V=0 (22) 5 (EatEy)— 2 ABE,
dn?2 F\ 2 I '
X sech( n/w)tanf( 9l ), (25)
2 4(2) where
d°¢ 4+ = AB(;b(l)—E ¢(2)
dp? F | H, 1
Ei=—=, Ex=5=[H4l?*+(Hs+He)(m’+n?],
O R INPIPSIONRN - 2F
=iF _JA () + 9 a7 d», (23

1
Es=—=[Hl?+H3(m?+n?)],
whereF = 3A[12+ D(m2+n?)]. 3= [Hal"+Hs( )]

The one-soliton solution of Eq22) is given by

1
E4=E[H7I4+H8I2(m2+n2)+Hg(m2+n2)2].
M= ¢po seck( 7/ ), (24)

where the amplituded,=39/ABI, and the widthw ¥ IS Now related taAM by

=2JIF/9. AE 12
In order to cancel out the resonant termAf?(p™), 9=IF (1+ I_FAAM> -1 / 2E,. (26)

we setéd9=16FE ;0 %.

The soliton solution of Eq(23) is given b ) . .
! Ut a23) is giv y A detailed mathematical treatment can be found in Ref. 13 or

24,
Thus, the stationary solution for the DASWSs up to the

o5 second order oAM is given by, with the aid of Eq(26)
20 1 ¢
b T TTTTTTTTT
154 P 0.0 :
zZ, J ;
'4 -0.24
10 4 0.4
5] TroTB=0l % 06 '
=== pB=05 08 K
J —_—G=10 ' ’
0 -1.04
0 10 20 30 40 50 -1.2+— T T T T T T T
0 20 40 60 80 100 120 140
¢ 5
FIG. 2. Z4 vs ¢ for different values of3, where 6=10. FIG. 4. ¢, vs ¢ for different values of, whereoy=0.001.
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0.9

" 3.51
0.8 %> B=0.1
074 W\ T 3.0 p=05
06 e Tsa 2.51 —p=10
, 051 N 2.0
0.4 1 — 2 ) J
] 5,=0001,p=01 1.5
0.3 5, = 0.05, p=0.1 1.0
0.2 1 5,=0.001, =10 ]
0.1 _ 0.5
5,=0.05p=10
0.0 v x v ; T T + 0.0
0 20 40 60 80 100 120 140

5 0 20 40 60 80 100

FIG. 5. \ vs dfor different values of5 andog. FIG. 7. w vs § for different values of3, wherex=0.9, 04=0.1, and(}=27.

3AM 9AM?2 B. Figure 2 illustrates the dependenceZyf on the plasma
p=¢P+¢?= ABI sech(n/w)+ ————— potentiale. It is clear thaiZ, increases withp, but it reaches
(AB)T°F a constant value when the potential takes certain value. It is
F2 = also noticed thaZy decreases wittB. Figure 3 shows that
X~ 5agF1 g (E2—Ea) the amplitudep, decreases withry. Figure 4 shows thap,
increases slowly ag$ increases, however near ®),,,, it
1 decreases rapidly. Figure 4 shows also thgtncreases with
+ >ABE, sect( 7/ w) B. From Figs. 3 and 4, it is clear that the amplitude has
negative sign; thus, only rarefactive solitons can propagate in
9AM? F2 F 5 this system. Figure 5 shows the variatiom\ofvith &, 8, and
+ [_ Eit 5 (ExtEs)— 7ABE, . It shows that\ decreases a8 and B increases, while it
(AB)AI?F| 2AB ™ 2 4 7 : , e
increases withry . Figure 6 shows the variation of the width
X sech( n/w)tantf( 7/ w), (27)  wwith Q. Itis clear thatw decreases witk). Figure 7 shows

that the variation ofw with § and B. It is seen thatw de-

wherew is given b : . L
@S9 y creases withs and 8. Figure 8 shows that the variation of

4|_F 2 E Aml. with A andoy. It is clear thatw increasegdecreasgswith
AM T 2IF N(og).
It is well known that the perturbation analysis is only
IIl. DISCUSSION AND CONCLUSIONS valid for small but finite amplitudes. However, the values of

v, andy, can increase the wave amplitude enough to break

In this paper, we have analyzed the properties Ofjown the perturbation theory. Therefore, the range-oéind
DASWs in a magnetized three-component dusty plasma,, to pe applied can be written as

comprising warm variational charged dust grains, lsotherma
ions, and electrons. The reductive perturbation theory has 3y,

69N 3\>—2oy
been used to derive ZKEq. (16)] for ¢*) and LIZKT [Eq. A T272< +

2 3
(18)] for ¢®). To examine the effects of various plasma Al A
parameters as well as the contribution of higher-order non- (6—1)(5-B?)
linearity on the nature of the DASWs, we numerically ana- 22 (28
lyze the dust charge variation, the phase velocity, the ampli- (6+8%)

tude, and the width of the solitary waves. Figure 1 illustrates  Now, we investigate the effect of higher-order correc-
the dependence a4 on & and B. It shows thatZy has a  tions on the features of the DASWs. In Figs. 9 and 10, the
nearly fixed value for a variation i but it increases rapidly
at certain value ob (that we calls,,,,) for different values of

8
290753 6
29075
290748 2t
5 290745 5
290743
29074 ol . . . . .
290738 0 0.2 04 0.6 0.8 1
26 27 28 29 30 f
Q
FIG. 8. w vs A for A=0.9,Q0=27, 64=0.01(dotted ling, c4=0.1 (dashed
FIG. 6. w vs Q, for A=0.9,A=0.9. line), andoy=0.3 (solid line).
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0 1 9AB\S 10M21 0
0% Hs=2Al Gz arz 2 0222
0.1 Q(3N“—=50y)* O(3N\“—50y)
013 2 2 2
S o2 N 15\“0y 3 3y1(3N“+50g)\
025 Q%(3\2=504)° Q*3\?-50y)?
03
035 . ON2I5+ 180 J3— 504l 5 , 3ADUi Al
-10 (3\2—50)? (3\2—50)
n
FIG. 9. ¢ vs 7 for §=2, 8=0.1,A=0.9, 0=27, andoy=0.1. + SAB(J3+Aly) —ylsl,
(3\2—50y)
dashed line stands fap*), while the solid line represents
d(= M+ ¢@). From Fig. 9, for small value of, the 1 [9AB(I,+N1,)  9NZI,+18\J,— 5oyl
higher-order correction increases the amplitude but decreases Hi=>5 > + 5 5
the width. Figure 10 shows that, for a large valuespthe (3\“=50y) (3X"=504)

amplitude and the width decrease by introducing the higher-

order correction. We believe that the model and results pre- —y1l5
sented here should be applicable to dusty plasma devices as

well as specific space plasma systems.
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