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Coherent structures in presence of dust charge fluctuations
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Abstract. This paper shows the formation of nonlinear coherent structures in a dusty plasma in
presence of dust charge fluctuations. Using the typical plasma parameters the potential of the non-
linear coherent structures is derived.
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1. Introduction

Recently there has been much interest in studying the dusty plasmas which is characterized
as an ionized gas containing electrons, ions and highly charged massive dust particles.
Dusty plasmas differ from the usual multi-component ion plasmas since the ratio between
the dust charge and the dust mass is non-uniform and it is considered as a new dynamical
variable. The presence of dust particles are found to modify the propagation of waves,
wave instabilities etc. in dusty plasmas [1–3].

Highly charged massive dust grains present in a plasma may exhibit charge fluctuations
in response to certain types of oscillations incorporated to the plasma. Under this situation
the grain charge becomes a time dependent and self-consistent variable. The consequent
modifications in the collective properties of a dusty plasma in response to the variation of
charge is studied [4–5].

It may be noted that the existence of dust acoustic wave on a very slow time scale of
dust dynamics was investigated for the first time by Raoet al [6]. They also showed the
formation of rarefactive type dust acoustic soliton solution in the above plasma system.
Similarly Ma and Liu [7] discussed the existence of rarefactive dust acoustic soliton solu-
tion in a plasma in presence of dust charge fluctuations.

In this paper we try to study the existence of double layers solutions associated with
dust acoustic waves on a very slow time scale along with the presence of dust charge
fluctuations.

It has been known that the particles associated with double layer potential variation may
be conveniently divided into four classes: free electrons, free ions, trapped electrons and
trapped ions. But in principle, three of these are sufficient to maintain the double layers
e.g. one can assume that the free electrons and ion number densities are equal on the low
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potential side. It has been shown that plasma double layers solution may be possible in an
ordinary acoustic branch even in the presence of ions and two species of electrons [8,9].

Our double layers analysis is based on a fluid model as described by Levine and Craw-
ford [10]. In the uniform region on the high potential side of our dust acoustic double
layers, the plasma consists of cold negatively charged dusts drifting away from the dou-
ble layers, ions drifting toward the double layers and electrons are reflected by the double
layers.

In x 2 the potential of the double layers associated with dust acoustic mode in presence
of dust charge fluctuation is derived. Finally the discussion of our theoretical result is
presented inx 3.

2. Derivation of the potential of our double layers

We consider a one-dimensional nonlinear electrostatic wave associated with acoustic speed
in dusty plasma containing electrons, ions and negatively charged dust particles. We as-
sume that the dust particles are cold and their dynamics are governed by the usual fluid
equations
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wherend is the density of dust particle,vd is the velocity of the dust particle,qd is the
charge of the dust particle andmd is the mass of the dust particle.

For slow dust time scale, the electrons and ions are in local thermodynamic equilibrium
and therefore one can use Boltzmann relation to describe their densities i.e.

ne = ne0 exp
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ni = ni0 exp
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wherene0(ni0) is the electron (ion) equilibrium density,� is the electrostatic potential and
Te(Ti) is the electron (ion) temperature.

The charge of a dust particle is determined by currents collected by the dust particle.
The charging equation of the dust particle is given by

dqd

dt
= Ie + Ii ; (5)

whereIe andIi are respectively the electron currents and ion currents at the dust particle
surface and they are given by
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whereme(mi) is the mass of the electrons(ions),ad is the radius of the dust particle and
C = 4��dad. It is seen that on the hydrodynamics time scale the dust charge can reach
local equilibrium. Thus we getIe + Ii = 0. And we find a relationship between the local
electrostatic potential and the dust charge i.e.

� = �2[G� qd + ln(�1 � qd)] ; (8)

where�1 = Ti=Te, �2 = Ti=(Ti + Te), G = ln(Æ
p
meTe=miTi) andÆ = ni0=ne0. To

close the system we use the Poisson’s equation
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For stationary solution we consider a variable� = ��1
De

(x � ut), whereu is the double
layer velocity and�De is the electron Debye length. For simplicity we have used another
dimensionless function to calculate the dust particle density i.e. =

R �
0
qdd�. Therefore

from eqs (1)–(8) we get
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whereM = u=cd is the Mach number of the double layer,cd is the acoustic velocity.
We have normalized the potential byTe=e, dust charge byZde, x by the electron Debye
length, velocities bycd and densities by the equilibrium electron densities. The dust charge
numberzd = adTe=e

2 is evaluated atqd = 1. In deriving the above equations we have
used the boundary conditions viz.� = 0, d�=d� = 0, vd = 0, nd = nd0 andqd = qd0 at
� ! �1.

The construction of our double layer solutions which is presented here is similar
to Schamel [11]. To do this we use the general method with potential� that varies
monotonously between�min < � < �max, where�min and�max are two extremes of
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�. This solution will be valid in between�min and�max. Putting the values ofne, ni, nd
andqd in the Poisson’s equation (9) and then expanding for small amplitude (� << 1) we
obtain [7,12],
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We now introduce the classical potentialV (�) to point out the analogy with the equation of
motion of a classical potential(d2=dx2 = dV=dx). To study the shape of the potential�
and the classical potentialV (�) we use the ’energy law’ which we can obtain by integrating
eq. (14) and is given by
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Now using boundary conditionsdV (�)=d� = 0 at � = �0 (or quasi neutral condition
ne + zdnd = ni exists at� =  ) in eq. (14) andV (�) = 0 at � = �0 (i.e. vanishing
electric field at� =  ) in (20) and then integrating (19) we find [8]
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From eq. (21) it is clear that the double layer solution exists providedB 3 > 0. It is seen
from eq. (17) that the valueB3 will be positive only if the positive ion concentration (Æ) is
smaller than one.

Similarly if we retain unto upto�2 and using the boundary condition viz.V (�) = 0 at
� =  , the integration becomes

� = � sech2

 r
B2 

6
�

!
: (23)

Equation (23) represents a soliton solution providedB 2 > 0. However it is seen that only
negative solution exists for such a type of dust acoustic waves sinceB2 is positive, which
agree with Ma and Liu [7].

3. Discussion and conclusion

In this paper we have discussed the formation of double layer solution in a plasma con-
taining electrons, ions and negatively charged massive dust particles. Considering the dust
particle motion on a very slow time scale along with the dust charge fluctuations we have
shown the existence of both soliton and double layer solution. To get these solutions posi-
tive ion concentration should be less than unity. Potential profile of the double layers and
the soliton are shown in figures 1, 3 and 4 respectively. Similarly the variation of classi-
cal potential with respect to the potential for double layers (soliton) is shown in figure 2
(figure 3).

Our theoretical model is similar to Ma and Liu [7]. However they have shown the
existence of soliton solution in a plasma consists of electrons, ions and positively charged
dust particles. They have found that the soliton solution exists in such a plasma provided
the positive ion concentration is higher than unity.

Figure 1. The double layers potential pro-
file versus� for Æ = 0:9, M = 1:2 and
�1 = 1.

Figure 2. The Sagdeev potential (double lay-
ers)V (�) versus� for Æ = 0:9, M = 1:2 and
�1 = 1.
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Figure 3. The potential profile of the soli-
ton versus� for Æ = 0:9, M = 1:2 and
�1 = 1.

Figure 4. The Sagdeev potential (soliton)
V (�) versus� for Æ = 0:9, M = 1:2 and
�1 = 1.
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