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Propagation of dust-acoustic waves in a bounded dusty plasma
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The linear and nonlinear propagation of dust-acoustic waves in a dusty plasma bounded in finite geometry
has been theoretically investigated. It is found that the finite geometry of the bounded plasma makes a
significant contribution to the instability of the wave. Moreover, the pseudopotential has a positive and inverted
profile that prevents the trapping of particles and does not favor solitary waves in bounded dusty plasma.
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I. INTRODUCTION relation it has been observed that the stability of a dust
acoustic wave depends on the finite geometry of the bounded
Studies on the propagation of waves in a dusty plasm@lasma system. Analyzing the basic equations with the help
have been found to be very important in space and astrgf the Sagdeev potential, it is found that the structure of the
physical situations, fusion devices, industry, and moderpotential is completely different; this does not support the
technology[1—6]. A dusty plasma is a three component trapping of particles, and so a solitary wave cannot be
plasma with electrons, ions, and highly charged massive dugrmed in a bounded dusty plasma system.
grains which influence the collective properties of the
plasma. The size of the grains is typically in the micrometer |I. BASIC EQUATIONS AND LINEAR DISPERSION
range. The dust grains are generally negatively charged, RELATION
~10%e-1C%e, by various charging processes. The charge of

the dust particles are not always fixed, but depends on the W€ consider a homogeneous, collisionless, and unmagne-
plasma properties, e.g., photoemission, &f@. Variable tized dusty plasma consisting of electrons, ions, and charged

charges introduce interesting characteristics in the dynamicdust particles. The plasma is bounded in a finite geometry.
of wave propagation in the plasri@]. In the last few years, We assume that a hydrodynamic descr!ptlon is p_OSS|bIe fora
various authors investigated both linear and nonlinear wavB/asma system where electrons and ions are in the back-
propagation in plasmg9—14]. The authors of Ref15] were ground and are thermalized. The density distributions for the
the first to investigate theoretically the collective motion of €/€ctrons and ions can be written as

negatively charged dust particles in the background of hot
electrons and ions in the plasma. They discussed a type of
sound wave called the dust-acoustic wave of very low fre- nd
guency, driven by plasma pressure and inertia. Subsequentl?/,
Refs.[16—27 studied theoretically the propagation of waves ni=n;, exp— Zied/ksT;) )
through a dusty plasma, and discussed different aspects of e ' B

the dust acoustic mode under various physical situations. Iyheren,, and n;, are the average equilibrium densities of
the context of an ion acoustic solitary wave in a dustyelectrons and ions, respectively.

plasma, the variable charges of the dust particles play impor- The equations which govern the dynamical behavior of

tant roles in the existence of solitons in the plasma. Thejyst particles which are heavier than both electrons and ions
authors of Ref| 23] showed that, for small grains, ion acous- gre given by the cold fluid equations

tic solitons may exist, but that an increase in the grain charge

Ne=nNeoeXped/kgTe) 1

destroys them. Recently, it was shoya¥] that the stream- (9l3t+vp-V)Vp=—(Qp/mp)V &, 3
ing motion and attachment coefficients of ions and electrons
have significant effects on the formation of ion acoustic soli- onp lat+V - (npvp) =0, (4

tary wave in a dusty plasma.

It is worthwhile to mention that many authors studied thewhereVD’ nD , mD , andQD are the Ve|ocity’ density' mass,
propagation of waves in a bounded plasma syd5+27,  and charge of the dust particles respectively.
but no study has yet been done for the bounded dusty plasma The required Poisson equation is
system. Studies of dust acoustic waves in a bounded plasma
system are very much important for its relevance in the con- V2p=4me(n,—Zin;—NpQp/e). (5)
text of laboratory experiments and industrial application. Our
intention in the present paper is to investigate theoreticall\Moreover, the fluctuation of dust charges due to interactions
both linear and nonlinear wave propagation in a dustyof the dust with the electrons and ions is given[BY
plasma bounded in a finite geometry, together with a variable
charge fluctuation of dust grains. From the linear dispersion (dlot+vp-V)Qp=lc+1;, (6)
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wherel, and|; represent the electron current and the ion V2 + 32y’ /&%= (1lane) [Ny~ ZiN! — Qpo/e(Npolh

current:
+0poNp)], (20)
| o= — ma’e(8kgTe/ mMe) g exl (e/kgTe) (dr—V,) 1,
(7) anS/aT:(leo/ane)Né+|ioNil+[(|eO/ane)Neo
|,= maZe(8kgT, /M) Y2n,Z{1~ (eZ IkgT)) (i~ Vp)}. —A(me/m;ar)Y2ZEN;o 14t (21)
(8
where leo=—AaneXPhio— wp)v lio=AZ{(mg/m;)/

Herea is the radius of the dust particlee (T;), Me (M), e ¥ 1-Ziar(dro— )}, A=Ay(Te/mY2  and
andng (n;) are the temperature, mass, and density of elec=qy/C.

trons (ions). (¢¢—V,) is the difference between the poten-  Now we assume the perturbed quantities to vary as fol-
tials of dust-grain surface and ambient plasma. It should béows:

mentioned here that expressions for the electron and ion cur-

rents are useful only when the dust grains are stationary. Ne=f(r)exdi(ké—w7)],
Now, for the study of wave propagation in a bounded

plasma system, we write Eqdl)—(6) in normalized form as N/ =g(r)exdi(ké—w7)],

given below:

Np=h(r)exdi(ké—w7)],
Ne=apeeXp¢), (9) (22
up=I(r)exdi(ké—wn)],
dp=m(r)exfdi(ké—w1)],
Y'=n(r)exdi(ké—w1)],
from which Eqgs.(16)—(21) lead to

N;=exp(—atZ;), (10
&UD/c?T-i- uDﬁuD/(i?f:—(qDe/QDOaaD)&l/r/c?g, (11)
aND/ﬂT+(&/a§)(NDUD)=O, (12)

V24t 24l 9&2= (Larne) (Ne— ZiN; = NpdpQpo/€),

(13) f(r)=amen(r), (23

= —arzZin(r), 24

30197+ Updn | 6= Aql ~ Ne(Te/me) “2expt g — ) 9= anznt) 2
+ZiNi(Ti/mi)1/2 I(r)=(k/®)(dpoanp/Qpo)N(r), (25

X{1=Ziar(1— )}, (14 h(r)=(kNpo/w)I(r), (26)

where N;=n;/ni,, Ng=n./ni,, Np=np/n,, Up d2n(r)/dr?+(1ir)dn(r)/dr—k?n(r)=G, (27

=vpl/wpphpes T=twpp, §=X/Npe, Up=Qp/Qpo, ¥i
=_t—|:‘_¢/f_|/_kBTe ,dAetc. ag(e;/nj‘i//znif’ hanDb: Neo/Npo aTh
=T./T;, andA;=mea*(8/7)"“ In the above equations the _ e _
Laplace operatoF? has been decomposed into a transverse G=(Lane)LF(1)=2ig(r) = (QooNoo/€)m(r)
partV? and a longitudinal par@?/3¢2. Here we assume that —(Qpolpo’/e)h(r)], (29)
the £ axis is the direction of propagation of the wave, and is
also the axis of the wave guide. To deduce the dispersion (Iqo/ane)f(r)+1i,g(r)={(1/C)[AZ*N;o(mg/m;a1)*?
relation we assume that the field variables are perturbed as i

—(leo/ ane)Neo]l —iw}m(r).

where

Ne:Neo+N(’ei b=y, Ni:Nio+Ni/i UD=U|/3, (29
Np=Npo+Np, do=0po+tap=1+0p, (15) Eliminating all the variables in favor af(r), we obtain
and linearize Eqs(9)—(14) to obtain d2n(r)/dr?+ (1/r)dn(r)/dr+ k[ {(L/w?)(Npeanp/ @ne)
N’ = o o (16) +(1/k2)(QDoNDo/eba'ne_ZizaT/ane_ 1)}_1]n(r)
e ne 1
=0. (30)
Ni =—asZiy/', (17
If we put
Mo/ I7=~Gpo(aap/Qoe 108, (A8 g2 1214(1102) (Npgaann/ ane) + (1K) (QpoNpo/€bane
INp/ 7=—Npedup/ I¢, (19 —Z2arlapne—1}—1], (31)
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then the solution of Eq30) is seen to be 0.11
n(r)=Jo(Br). (32 0.10 F
Now, on the boundary of the cylindrical wave guide we 0.09
should havey=0, that is,
0.08 -
Jo(BR)=0, (33
0.07 -
if Ris the radius of the cylinder. The dispersion relation then
turns out to be £ 0.06}
>
Pan=(KR)?[{(L/w?)(Npo@np/ ane) + (1/k?) 0.05}
X (QpoNpo/ebane—Zfar/ane— 1)}~ 1], (34) 0.04
Pon being the root of Eq(33). 0-03 . ! ! L
Here  b=[(1/C){a%eZ?T(8m/mT) Y=l o} —iw]/(leo a0 0.2 0.4 0.6 0.8 1.0
—lixZiat), Where (a W
C=a(l+al/\p) (35 0.10
is the capacitance of the dust grain. We have solved the 0.09 | Pon 255
dispersion relation for various values of the radRsand
three different zeroes of the Bessel function. The correspond- 0.08F
ing values of the phase velocity and imaginary wave vector 0.07k Pon <118
(ki) are plotted, respectively, in the Figsial 1(b), 2(a), "
and 2b). In each case the variation of the phase velocity and 0.06
k is depicted with respect to the frequenay It may be £ 0. 05k
observed that foR=10 and larger the behavior is almost the '
same as an infinite plasma. 0.041
[1l. NONLINEAR ANALYSIS: SAGDEEV POTENTIAL 0-03F
To study the nonlinear regime of the above system of 0.02
equations we take recourse to the pseudopotential approach. 0.01 ; ; ! !
This method, being applicable even for large amplitude 0.0 0.2 0.4 0.6 0.8 1.0
waves, will yield a positive result regarding the existence of () W
a nonlinear solitary wave in the system. We again start with
a perturbation of the type of E¢15), but do not linearize or FIG. 1. (8 Variation of V,(cm/seg, with w, whereV,y, is the
assume the perturbed quantities to be of the form of Eqsshase velocity of the dust acoustic wave for various radii of the
(16)—(21); we obtain cylindrical wave guide (R) when p,,=5.5. (b) Variation of
, ) Vpr(cm/seg, with o, for different values ofp,,, the root of
Ne=anel)’, (360 J,(BR)=0 whenR=1 cm.
Ni =—agZy', (37 and we have omitted the convective term for the dust charge
’ o ) fluctuation. We now assume that the perturbed quantities
Jup/ dt+ Updup/ Ix= _(1+qD)(eanD/QDo)é]‘p,/aXiSB) (uh, ' N/ N, etc) all have the general variations:
N.L=J,(Kk, r)Ng(x,1),
INp/at+Npodup/ ax=— d(UpNp)/ X, (39) o= Jo(KiNNe(X,1
PP 19r 2+ (L)' 190 + 929" 19x2 = (L) [NL— Z;N! NP =Jo(k DINi(x,1),
—(Qpo/€)(Np+dpNp+Npedp) ], (40) Np=Jo(k M)Np(x,t),
(42
90p! 9t= (I ¢o/ @ne) (Ng+dpNg/C+Negdp/C) +1ioN{ up=Jo(k, r)up(x,t),
— A(mea7/m) ZZIC(qh+ N/ qp), 41
( etT I) i (qD |qD) ( ) QB:Jo(kLr)qD(X,t),
Here x andt are the normalized length and time. Actually,
there arer and ¢ in place oft andx in the mother equations, ' =Jo(k, 1) p(x,t),
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27.50 R R
a=f rJﬁdr/ f rdadr, (48)
25.00 | o o
22.50 |- Now, following Ma and Liu, we note that the time scales
for grain charging and dust hydrodynamic motion are widely
20.00 different. The charging time is approximately
g 17.50F 7en=[(dQp /dt)(1/Qp)]~*~Qpyo/lo. (49
4
15.00 while the hydrodynamic time scale is of the order of
~wpq=(4mQ3,Npo/mp) Y4 where Np, and Qp,
1250 ~—2.5aT./e’ are dust density and charge in equilibrium,
and
10.00 [
250 . 1 | | | | | o= — ma2e(8Ts/mmy) Yne, (50)
08 0 12 14 e 18200 22 is the electron grain current evaluatedggt=0. For a dusty
@ ® plasma ofng,~10° cm 2 and T,~1 eV as well as Jum
grains ofNp,~10° cm 3, mp~4x10 12 g, 7.,=95 ns, 74
4500 =2 ms Sor,< 7y that is on the hydrodynamic time scale
the dust charge can reach equilibrium at which
40.00
lo+1;=0. (51)
35.00 |
So, going to a frame of reference given By x—Mt, we
3000 - obtain
e 2500T _M(?UD/(9§+G.’UD(?UD/3§:=_(eanD/QDO)&l///(?f
~ Pon = 14.9
2000 Pon =11.8 —a(ea,p/Qpo)dpdil ¢,
1500 Pon= 5.5 (52
10.00 ND:NDOUD/(M_QUD)! (53)
5.00 ! L 1 ' L ' PPl 9&%— h=(Uane)[Ne— ZiN;— (Qpo/€) (Np+ adpNp
0.8 10 L2 14 16 1.8 2.0 2.2
(b) ® +Npodp) ], (54)
FIG. 2. (a) Variation of k;,,, the imaginary propagation con- Ne= ane eXp¢)), (55
stant, as obtained from the dispersion relation witfior various _
radii (R) when p,,=5.5. (b) Variation of k;;, with o for different Ni=exp(—arZiy). (56)

values ofpo, whenR=1 cm. On the other hand,.+1;=0 leads to

Substituting Eq(42) into Eqs.(36)—(41), we obtain ap+[a;—a,expby)]/[ag+asexpby)], (57)
Ne= anel, (43)  where
Ni=—asZi, (44) 3 =KeZia/€ Qoo

p [ dt+ alipdup 19X = — (€anp/Qpe) dibl X a,=kgaB/eQpo,

— o (eany/Qpe) adilax, a;=Z{IT;,
(49) a,=BI/T,,
(58)
o7ND/¢9t+NDO&UD/&X-i-aﬁ/&X(UDND):O, (46) 5l:eanD/QD0!
ddp 1 9t= (I g0/ ane) (Ne+(L/C) @dpNe+Neodp /C) +1ioN; 0= ady,
_Aziz(meaT/mi)llz(1/C)(aNiqD+qD)! (47) b=(1+alzi),
where B= ape( atm; /mg)*2.
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Substituting these forms afy into Eq. (26) we obtain d2yldE?= g+ Uand aneexp(biy) — Z; expl — atZ; )
2 ~(Qpbo/e){NpoUp /(M —aup)
aug—2Mup+o=0, (59
+ a[NDOUD /(M - CYUD)]
o=28,p+285a,/a5In{a exp(by)} +25,(a, /ag X[{ai—az expby)}/{as+as exp(by)}]
+ay/ay)In{az+a, expby)}. (60) +Npolays—azexplby)]/[az+a, exp(by) 1],
(62)
Thus we arrive at whereup is given by Eq(61). Integrating Eq(62) and using
the conditiondy/9§—0 as|é&|—, we obtain the pseudo-
U= (L) [M = (M2— ar) V2], 61) potential equation

7 (9l9&)*+ V() =0, (63)
Substituting all these into Poisson’s equation, we obtain  whereV(y) is given by
|

V()= [{(QDOaAZNDO )/(ea’neM zbazzl)}(ala4+ axaz)—(1-Z; /a'ne_ QDONDO/e Mzane) - (NDOQDo/eane)(a2la4)
X(1+aA; /M 2)] y—[1+ Zizaleane_ (A2QpoNpo)(2ea,M 2) +(QpoNpoaA,/2e Mzane)(a2 lag)] '702

+[{(NpoQpo)/(eb&ane)}(a1a4+8,85) (1+ @A M2~ aAyas/M?bay) JIn(as+bayy)

—[NpoQpo(aias+a,az)/(eanhad)](1+ aA /M2 — aAyas/M?bay)In as, (64)
|
where or Mach numbersThis implies that a soliton will not exist in
the plasma if the Mach number is beyond this range. In our
A1=0d,[(arlnaz)laz+(a/agt+az/as)in(ag+as)], paper, the nontrapping solution does not favor soliton forma-
tion. This may be due to either the values of the Mach num-
A,=[8,+bd{a/az+ (a,/az+as/as)as/(az+as)}t, bers used in the numerical computation or due to a nonlinear
dissipative mechanism introduced by the nonsteady dust
as=az+tay. charge fluctuation dynamics. This inference is also supported
by the analysis of Ref.33], where by using reductive per-
a;, a,, as, a4, b, andB were defined earlier. turbation theory, the authors deduced a Burger equation. It is
a well known fact that the Burger equation does not support
IV. ANALYSIS AND DISCUSSION a soliton solution. The difference between the treatment of

Ref. [33] and our treatment is that for a bounded system,

From the form of Eq(63), it is quite obvious that it is their analysis is valid for an infinite plasma. At this point it
impossible to obtain the form af analytically. So we ana- may be pointed that a reductive perturbation approach in a
lyze the form of potentiaM(i) numerically for different bounded domain is more difficult than the treatment given
plasma parameters. The corresponding formd/6§) are  here.
depicted in the Figs. (@) —3(c). The parameter values taken
are a7=100 anda= —4.9, —25.35, and—40.88, whereas
a,p=100, 200, and 300. The Mach numbers are 0.5, 1, and
1.5. The form of the pseudopotential obtained shows that the In our analysis we have theoretically investigated the
particle trapping is not possible. So a solitary wave can nopropagation of large amplitude dust acoustic waves in a
be formed. Recent theoretical investigations by various aubounded dusty plasma system, as well as the existence of
thors (see Refs[15], [28—3() revealed that a plasma con- solitary waves in the plasma. It is seen that the presence of
taminated with dust grains of constant charge may and magharged dust particles in a plasma gives some fascinating
not sustain a solitoridust acousticdepending on the tech- characteristics of the potential profile in comparison with
niques followed Ref.31], the models used Refi31,32, the  those found in other kinds of plasma. In the present analysis
range of values of the Mach number, etc. It was reported byve find that a major portion of the Sagdeev potential is posi-
some worker$10] that if dust dynamics and a self-consistent tive in the presence of dust charges in the plasma. The pecu-
dust grain charge fluctuation be incorporated, then the propdiar behavior of the Sagdeev potential indicates that the pos-
gation of a large-amplitude dust acoustic soliton through aibility of the existence of a dust acoustic soliton in a
duty plasma is possibleyithin a certain range of velocities bounded dusty plasma is almost nil; instead, double layers

V. CONCLUSION
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FIG. 3. (8 Plot of V() againsty, whereV is the Sagdeev potential for various valuesMf and a= —4.9, corresponding t@,,
=5.5 when the typical plasma parameters @fg=Neo/Npo =100, ar=T,/T;=100(T,=100¢eV,T;=1 eV), andQp,= 10e. (b) Variation
of V() with ¢ for different values ofx,p whena=—4.9 andM = 1.5. (c) Variation of V() with ¢ for various values o corresponding
to different values op,, when a;,p=100 andM = 1.5.

will occur. However, we have not compared our theoreticatemperature may be studied in order to make our analysis
results with experimental observations due to the nonavailmore realistic from an experimental point of view. More-
ability of experimental data, although much work was doneover, dust grains have been considered to be spheres of equal
in Refs.[34—38 and others in studying the existence of soli- radius that carry identical charges. But this is not the case for
tary waves in laboratory plasmas. In the present study of tha real dusty plasma, which consists of dust grains with size
existence of solitary waves in a bounded dusty plasma, thand charge distributions. It would be better to incorporate
dust fluid has been assumed to be cold. The effect of dust aimese features for a real situation.
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