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The Role of Dust Charge Fluctuations on
Nonlinear Dust lon-Acoustic Waves

A. A. Mamun and P. K. Shukla

Abstract—The nonlinear propagation of the dust ion-acoustic cannot support the usual ion-acoustic waves, but the DIA waves
waves has been investigated accounting for the charge fluctu- of Shukla and Silin [11] can. The DIA waves have also been
3“0” dﬁ’”am'CSTﬁf séatlonary glus\t/ grains in an unmaglrlwetlzerc]i observed in laboratory experiments [5], [6]. The linear proper-

usty plasma. The Korteweg-de Vries equation, as well as the 4 ot the DIA waves in dusty plasmas are now well understood

Korteweg-de Vries-Burgers equation, are derived by employing . . . .
the reductive perturbation method. It has been shown that dust TOM both theoretical and experimental points of view [3], [3],

charge fluctuations produce a dissipation which is responsible for [6], [11], [14].
shock waves. Conditions for the formation of dust ion-acoustic ~ Recently, nonlinear waves associated with the DIA waves,
solitary and shock waves as well as their properties are clearly particularly the DIA solitary [15] and shock waves [16] have
explained. The implications of our investigations to both space g|so received a great deal of interest in understanding the basic
and laboratory dusty plasmas are discussed. properties of localized electrostatic perturbations in space and
Index Terms—Dust ion-acoustic waves, dusty plasmas, shock laboratory dusty plasmas [1]-[7], [15]-[18]. The DIA solitary
waves, solitary waves. and shock waves have been investigated theoretically by several
authors [15], [16], [19]-[22]. However, all these investigations
[15], [16], [19]-[22] are limited to constant dust grain charge
which may not be a realistic situation in space and laboratory
HE WAVE propagation in dusty plasmas has receivegevices, since in space, as well in laboratory devices, the charge
a great deal attention because of its vital role in undegn a dust grain is not constant but varies with space and time
standing different collective processes in space environme[#g Therfore, in the present paper, we consider an unmagnetized
[1]-{3] as well as in laboratory devices [4]-[7]. The considerdusty plasma model consisting of the ion fluid, Boltzmann elec-
ation of charged dust grains in a plasma does not only modifpns, and stationary charge fluctuating dust grains and analyze
the existing plasma wave spectra [8]-[10], but also introducgsnlinear propagation of the DIA waves. We show here how the
a number of novel eigenmodes, such as the dust ion-acousfiects of dust grain charge fluctuations significantly modify the
(DIA) waves [11], the dust-acoustic (DA) waves [12], the dusionlinear propagation characteristics of the DIA waves as well
lattice waves [13], etc. as produce monotonic shock waves. We note that Petpeal.
Shukla and Silin [11] have theoretically shown that, due to thjg3] have also studied shock waves by considering dust grain
conservation of equilibrium charge densitype + n40Zaoc —  charge fluctuations, but they have not deduced evolution equa-
nioe = 0 and the strong inequality.o < nio [Wherenyo is  tions for the DIA shock waves.
the particle number density of the speciesith s = e(i)d for ~ This paper is organized as follows. The basic equations de-
electrons (ions) dustZyo is the number of electrons residingscribing our dusty plasma model are given in Section Il. The
onto the dust grain surface ands the magnitude of the elec-DIA solitary waves are studied by deriving the Korteweg-de
tronic charge], a dusty plasma (with negatively charged statigies (K-dV) equation in Section Ill. The DIA shock waves
dust grains) supports low-frequency (in comparison with the iete investigated by obtaining the Korteweg-de Vries-Burgers
plasma frequency) DIA waves with a phase speed much smaligrdV-B) equation in Section IV. A brief discussion of our re-
(larger) than electron (ion) thermal speed. The DIA wave spegilts is contained in Section V.
trum is similar to the usual ion-acoustic wave spectrum for a
plasma withn;o = ne and?; <« 1., whereZ;(1.) is the ion
(electron) temperature. However, in dusty plasmas we usually
haven;y > n.g and7; ~ T.. So, obviously, a dusty plasma We consider the nonlinear propagation of the DIA waves in
an unmagnetized dusty plasma whose constituents are the ion
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wheren; is the ion number density normalized by its equi€onsidering the next higher order énfrom (1)—(4) we obtain
librium value n;o, u; is the ion fluid velocity normalized by the following set of equations:
C; = (kgT./m;)*/? (kp is the Boltzmann constant amd; is

1 (2) (2) 1
the ion mass)¢ is the electrostatic wave potential normalized %%() — wo O, + Ou; + igd)(l)%() =0 (9a)
by kT, /e, and Z, is the number of electrons residing onto wy 07 95 95 o o
the dust grain surface normalized by its equilibrium vatig. 1 9pM ou® 1 10 9 ob
The time and space variables are in units of the ion plasma w, ar  ° o¢ w2’ 9E O (9b)

period wy,; =t = (m;/4rn;0e?)/? and the Debye radius 82D 1 2 @
Apm = (kpT./drnipe?)t/?, respectively. We have denoted a¢? =nup@ + S [(/J(l)} —n;” +(1-p)Z;” (9¢)
= neo/nio. We note thatZ, is not constant but varies with

2 2

space and time. Thus, (3) is completed by the normalized dust 0 =pep'? — CW,@ZS ) /31‘“1“5 )

in chargi tion [3 L
grain charging equation [3] _ uOﬁiuQn?) +Be® g (9d)

8Zd ZCYZd
Ny = #Oexp (¢ — aZa) = Finiui {1+ — 5 (4)  where
! 2/31 Wea

where n = am.(1—-p)/2m; B = (ra/a)’? Pr =P [L+ (afo — 2) o] — e [1 + u—g} (10a)
Bi = By/rmef8mi, & = Zuc/kpTerg anda = nyy’/®. 1 Biws | 2af; 1
We note that at equilibrium3 exp(—a) = Biuo(1 + 2a/ud), fo :a—ug e = wo + Wouo <1 - w_oﬂ (10b)

whereu is the ion streaming speed normalized@;
Ho gsp @y wy = 1 — wo/wo, w2 = 14 ug/we andw, = 2awew (1 —

Bowoug). Combining (9a)—(9d), we deduce a K-dV equation
1 1 3 (1
9 +A¢<1)a¢( ) 3P _

I1l. DIA SOLITARY WAVES

To study small but finite amplitude DIA solitary waves, we 3 € + a8~ 0 (12)
first introduce the stretched coordinates [24F ¢'/2(x — vot) 4
andr = ¢*/2¢, wheree is the expansion parameter, measuringnere .\
the amplitude of the wave or the weakness of the wave disper- :30 + bwo — Pawg (12a)
sion. We then expand;, «;, ¢ andZ, in a power series of wo (2¢ + bwo)
3
w,
ni =1+ et +nl 4. (5a) = (12b)
0
w; =ug + eul + P 4. (5b) and
b =cp®) 4 2@ 4. (50) By =y =) (120)
Zg =14z + 220 4. (5d) o

The stationary solution of the K-dV equation (11) is obtained
We develop equations in various powers ofo lowest order in by transforming the independent variabke® ¢ = ¢ — Uy,

e, (1)-(4) give wherel/; is a constant speed normalized &y and imposing
the appropriate boundary conditions for localized perturbations,

L _, @
wonil =u 6a) . D = 0, dp™M /d¢ — 0, d2¢™M /d¢? — 0 at¢ — +oo.
wou” =M (6b)  Accordingly, the stationary solitary wave solution of (11) is
0 =pup® — i + (1 - p) 23" (6c) ¢ = 4 sech [5 > UOT} (13)
0 =/3€¢(1) - Oéu’gZ((ll) A
— Biugul® — woBuan (6d) Wherey =3Up/AandA = /4B /U, represent the amplitude

and the width of the solitary waves, respectively. It is obvious
wherewy = vg — ug, u1 = 1 — 2a/ug, u2 = 1+ 2o/u3, from (13) that there exists compressive (rarefactive) solitary
ug = PBe + 20 /up and B, = pfBexp(—a). Now, substituting waves ifA > 0(A < 0). We have numerically analyzed for
n§1>,u§1>, andZ(gl) [obtained from (6a), (6b) and (6d)] into (6¢)the parameters corresponding to space dusty plasma situations
we obtain the dispersion relation (e.g., Saturn’s E-ring [2], [8]rao = 1077 cm™3, 4 = 1 um,

kpT. = 50 eV andZ, = 10* which correspond ter = 0.0288

andj3 = 3x 10 ') as well as for the parameters corresponding

to laboratory dusty plasma devices [5], [6l:6 = 10° cm™2,

awd —bwg —c =0 (7

where )
rq = 5um, kg7, = 0.2eVandZ; = 10° which correspond
a=p+ A= wp. (8a) toa = 144 and3 = 3 x 107*) and found thatd is always
auUg positive (which is obvious from the upper plot of Fig. 1, since
b :(1 — wuifi (8b) Up > 0). This means that our present dusty plasma model can
aug support only compressive solitary waves (solitary waves with
and ¢ > 0). The results of our numerical analyses (see Fig. 1) show
c—14 (1 — p)usuof; (8¢) how the amplitude and the width of these compressive solitary

Qg ) waves vary withy for both the space [2], [3])d = 0.0288
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Fig. 2. The behavior of the potenti®d () for 4 = 0.5. The upper plot
Fig. 1. The variation of the amplitude (upper plot) and the widtt\ of the corresponds to space dusty plasma parametets0.0288 angt = 3x 10~ *°,
solitary waves with: for Uy = 1. The solid curves correspond to space dustyhereas the lower plot corresponds to laboratory dusty plasma parameters:
plasma parameters: = 0.0288 and3 = 3 x 10—, whereas the dotted curves 1.44 and3 = 3 x 107*.
correspond to laboratory dusty plasma parametets:1.44 and3 = 3x 104,

condition, we then find from (15) a third order ordinary differ-
ands = 3 x 1071%) and laboratory [5], [6] & = 1.44 and ential equation fop)(¢) = ¢. The latter can be integrated

8 = 3 x 10™*) dusty plasma situations. once, obtaining
%o dp A
IV. DIA SHOCK WAVES Ba—CQ ~Cu + §<P2 —Ugp =0 17)

In the preceeding section, we have seen that the paramgjfiere we have imposed the appropriate boundary conditions,
7 does not play any role in our analysis of the DIA solitary;iz. ¢, — 0, de/d¢ — 0, d*/d¢? — 0 at¢ — oc. To analyze
waves. This is because of the scaling that we have used. W), we can use a simple mechanical analogy [25], [26] based
now consider a situation in which we can scale the paramn a fact that it has a form of an equation of motion for a pseu-

etern asn = €'/%n. This additional scaling, remaining doparticle of mas#, of pseudotime-¢ and pseudopositiop
stretching/scaling of other variables as before, introduces a nigva force field with potential

term, namely—uonoazfll)/ag, in the right-hand side of (9d). A Uy

Therefore, withy = /27, (9d) can be rewritten as Vie) = g¢3 - ?<P2 (18)

ozV @ @) 1) 9PV and a frictional force with the coefficiertt. The nature of the
—Uo7o a¢ =P —aupgZ + Prg "ot pseudopotentidl () for typical space (upper plot) and labora-
() tory (lower plot) dusty plasma parameters is depicted in Fig. 2.
i If the frictional force were absent, the quasi-particle entering
Replacing (9d) by (14) and performing all mathematical stefi®m the left will go the right-hand side of the welp(< 0),
as we did in order for deriving the K-dV equation (8), we obtaifeflect and return to = 0, making a single transit. This cor-
a K-dV-Burgers equation responds to the DIA solitary waves defined by (13). However,
since in (17) a frictional force is practically present, i.e., the par-
8‘7)_(1) + AgpD gV i - i (15) ticle suffers a loss of energy, it will never retugn= 0, but will
or ¢ €3 a¢? oscillate about some negative valuewtorresponding to the
where minimum of V(¢). We assume that at pseudotimé = —oo,
i.e., at{ = oc, the quasi-particle is located at the coordinate
C = M(l_“)_ (16) origin, i.e.,p(cc) = 0 and at pseudotime-( = oo, i.e., at
@ (/39 + 211‘2) ¢ = —o0, the quasi-particle is located at a point corresponding
to the minimum ofV (), i.e.,o(—o0) = 2Uy/A. Thus, the so-
An exact analytical solution of (15) is not possible. Howevehjtion of (17) describes a shock wave whose spgégts related
we can deduce some approximate analytical solutions of (18&).the extreme valueg(cc) = 0 andy(—o0) = 2Uy/A by
Let us try to find an analytical solution of (15) which is valid forp(—oc) — (o) = 21y /A.
both space and laboratory dusty plasmas. We first transform th& he nature of these shock structures depends on the relative
independent variablesto ¢ = £ — Uy7. Under the steady-statevalues between the dispersive and dissipative coefficiBrtsd

— uoﬁiz@ng?). (14)

-G
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. e . . Fig. 4. The variation of the shock width with ¢ for Uy = 1 ande = 1072.
Fig. 3. The variation of. with 1« for Us = 1 ande = 10~“. The upper plot The upper plot corresponds to space dusty plasma parameter£.0288 and

corresponds to space dusty plasma parameters0.0288 and? = 3x10°'°, 3 — 3% 10~-'°, whereas the lower plot corresponds to laboratory dusty plasma
whereas the lower plot corresponds to laboratory dusty plasma parameters: parameterse = 1.44 and3 = 3 x 104,

1.44 and3 = 3 x 107%.

. ., _properties of the shock structure that may exist in our space and
C. If the value ofC is very small, the energy of the partldelaboratory dusty plasmas. Singe, — /3, the variation of the

decreases very slowly and the first few oscillations at the wavi . :
front will be close to solitary waves defined by (13). However, T?EOCk amplitudep, with 4 for both space and laboratory dusty

the value ofC is larger than a certain critical value, the motiorﬁ)Iasmas can be represented by the upper plot of Fig. 1. We have

. ) o - also graphically shown how the width,;, of the shock wave
of the particle will be aperiodic and we obtain a shock wave ™. . 10

. : . ... varies withy for both spaced¢ = 0.0288 and? = 3 x 107 )
with a monotonic structure. We now determine the condition

. - ) . oo and laboratoryq = 1.44 and? = 3 x 10~*) dusty plasmas.
for monotonic or oscillating shock profiles by investigating thq‘his is depicted in Fig. 4. We note that the shock structures
asymptotic behavior of the solutions of (17) for— —oco. We .

first substitutes(¢) = @o + ®(C), whered < o, into (17) predicted by Popett al.[23] do not follow our shock solution

and then linearize it with respect in order to obtain (21) and look like the ion density steepening as ol:_)served by Luo
et al. [18]. However, the shock structures found in our present

BdQ_‘I) — Oa_q) + Us® = 0. (19) investigation are very close to those observed by Nakamura
a¢? a¢ al. [17].
The solutions of (19) are proportional ¢ap(p¢), wherep is
given by V. DISCUSSION
C++/C? —4BU, We have studied the properties of DIA solitary and shock
p= 2B : (20)  waves in an unmagnetized dusty plasma composed of inertial

ions, Boltzmann electrons, and immobile dust grains, including
the dust charge fluctuation dynamics. Our results show that the
effects of dust grain charge fluctuations modify the properties
of the DIA solitary waves (see Fig. 1). It has been found that
. 7. the effects of dust grain charge fluctuations reduce the speed
plasma parameters and have found fiat>- 1 is always valid of compressive DIA solitary waves. The characteristics of

for 0 < p < 1 (see Fig. 3). ) . .
This means that for typical space and laboratory dusty plas?baese DIA solitary waves in the space dusty plasma condition

parameters (17) [or (15) under steady state condition] exhib, Esee S.O“d curves of Fig. 1) are founq_to be different from
. : MO ose in laboratory dusty plasma condition (see dotted curves
a monotonic shock wave solution which is given by

of Fig. 1). It is seen that for the parameters corresponding to
$® ~ o) — o tanh [5 - UOT} (21) space dusty plasma situations (e.g., Saturn's E-ring [2], [3]:
nao = 10" cm™3, ry = 1 um, kT, = 50 eV, andZ,; = 10°
wherey ., = Up/A andA,, = 2C/U, represent the amplitude which correspond tee = 0.0288 and3 = 3 x 107'%) as we
and the width of the shock wave, respectively. We note that sinoerease:, both the amplitude and the width of the DIA solitary
S. > 1, we have neglected the dispersive term just to avoigaves remains constant for< 0.5, but increases very rapidly
the complexity of the mathematics which does not affect ther ;» > 0.5 (see solid curves of Fig. 1). On the other hand, for

It turns out that the shock wave has a monotonic profilesfoe
C/2/BU, > 1 and an oscillating profile fof. < 1. We have
numerically analyzed,. for space ¢ = 0.0288 and3 = 3 x
107'%) and laboratory¢ = 1.44 and3 = 3 x 10~*) dusty

sh
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laboratory dusty plasma parameters [5], [6}{ = 10° cm™3,  [20] S. I. Popel and M. Y. Yu, “lon acoustic solitons in impurity-containing

rq =5um, kI, = 0.2eV andZ, = 103 which correspond to plasmas,’Contrib. Plasma Physyol. _35, pp. 103—108, 1995. '
— 144 3 — 3% 104 . h litud [21] A.Mamunand P. K. Shukla, “Cylindrical and spherical dust ion-acoustic

@=L ands = x ) as we increasg, the amplitu e solitary waves,” Phys. Plasmas, vol. 9, 2002.

increases, but the width decreases (see dotted curves of Fig. [Pr] ——, “Electrostatic solitary and shock structures in dusty plasmas,”

We have shown that dust grain charge fluctuations are respon-_ Phys. Scr.vol. T98, pp. 107-114, 2002.

. . . 23] S. 1. Popel, A. A. Gisko, A. P. Golub, T. V. Losseva, R. Bingham, and P.
sible for the formation of DIA shock waves in both sSpace ano[ K. Shukla, “Shock waves in charge-varying dusty plasmas and the effect

laboratory dusty plasmas (see Fig. 3). The shock wave ampli- of electromagnetic radiationPhys. Plasmasvol. 7, pp. 24102416,
tude is one-third of the solitary wave amplitude, but their depen-_ 2000

d d | v th E h%4] H. Washimi and T. Taniuti, “Propagation of ion-acoustic solitary waves
ence on dusty plasma parameters are exactly the same. Further- of small amplitude, Phys. Rev. Lettvol. 17, pp. 996-998, 1966.

more, the shock width decreases witfwhen 1> ;1 > 0.2)for  [25] R. Z. Sagdeev, “Cooperative phenomena and shock waves in collision-
both space and laboratory dusty plasma parameters. However, 1€ss plasmas,” irReview of Plasma Physic&. M. A. Leontovich,

for 0 0.2 . he shock width i Ed. New York: Consultants Bureau, 1966, vol. 4, pp. 23-91.
or0 < p < 0.2 as we Increasg, the shock width increases [26] V. I. Karpman, Nonlinear Waves in Dispersive MediaNew York:

for laboratory dusty plasma conditions [2], [3], but decreases for ~ Pergamon, 1975, pp. 101-105.
space dusty plasma conditions [5], [6].
To conclude, we stress that the results of the present investi-
gation should be useful in understanding the properties of local-
; ; A. A. Mamun was born in Dhaka, Bangladesh in
ized DIA waves in space and laboratory dusty plasmas. 1966. He received the Ph.D. degres in Plasma Physics
from the University of St. Andrews, Fife, Scotland, in
1996.
He is currently working as a Humboldt Post-Doc-
toral Research Fellow at the Ruhr University
¢ ] Bochum, Germany. His main research field is
[2] D. A. Mendis and M. Rosenberg, “Cosmic dusty plasmaihu. Rev. theoretical and computational plasma physics which
Astron. Astrophysvol. 32, pp. 418-463, 1994. involves collective processes in dusty plasmas,
[3] P. K. Shukla and A. A. Mamun,lntroductlon to Dusty Plasma = electron-positron plasma, laser-produced plasma,
Physics London, U.K.: Institute of Physics, 2002. _ semiconductor plasma, etc. He also holds the
[4] A.Barkan, R. L. Merlino, and N. D'Angelo, “Laboratory observation ofposition of Associate Professor of Physics with Jahangiragar University,
the dust-acoustic modePhys. Plasmasyol. 2, pp. 3563-3565, 1995. Dhaka, Bangladesh, and is a Regular Associate of the International Centre for
[5] A. Barkan, N. D'Angelo, and R. L. Merlino, “Experiments on Theoretical Physics, Trieste, Italy. He has authored more than 70 published
ion-acoustic waves in dusty plasma®Jlanet. Space Scivol. 44, pp. papers in the best scientific journals on linear and nonlinear waves in plasmas.
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