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Abstract

In this research, we make an attempt to derive theoretically 1-D linear dispersion
relation of ion-acoustic waves in uniform unmagnetized dusty plasma valid in the long
wavelength limits. This equation matched previously special equation of acoustic modes of a
general form in magnetized dusty plasma. Depending on previously mentioned experimental
data, we numerically consider various parameters that affect the properties of these waves in

&7 dusty plasma. The study has shown that the presence of dust grains is to modify the
properties of ion acoustic waves and affect the behavior of the plasma in which they are
immersed.

Introduction

Recently there has been a growing interest in the physics of dusty plasma (1). The
motivation for studying dusty plasmas is due to the realization of their occurrence in both the
laboratory and space. A dusty plasma is roughly defined as a normal electron-ion plasma
with an additional charged component of micron or sub-micron sized dust particles. This extra
component of such charged dust particles increases the complexity of the plasma system even
further. This is why a dusty plasma is also referred to as a "complex plasma" (2). Under some
cases the dust particles could achieve large charge numbers. They can have large mass of
order of 0% 10-° times the proton mass. Dust particles are usually negatively charged due
to the flow of the electron and ion plasma currents to their surface, but become negatively
charged due to the greater mobility of the electrons. Furthermore, the dusty plasma system
can support a variety of physical phenomena. The presence of massively charged dust
particles in a plasma can affect its dispersion properties. For example, the charged dust is
shown to modify the properties of ion-acoustic waves through the quasineutrality condition
Mo~ Meo ¥ asta0 gng the strong inequality &7 = T , where "% is the background

£{1,8,d)

particle number density of the species with for ions (electrons) dust grains, Zao is the

number of electrons collected by dust grain surface and ° is electron charge. Previous
theoretical and experimental studies regarding low-frequency electrostatic waves in
magnetized dusty plasma were obtained a common linear dispersion relation using a
multifluid analysis (3, 4, 5). The common linear dispersion relation yields a phase velocity for
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dust fon acoustic mode valid in the long wavelength limit, that is %% ~ ! where * and Ape
are the wave number and Debye length for electrons respectively (5):
w KT rre  1YE
=l Trman) =G
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g = 280 - M K
where #c and ¢ is the species * temperature. The “ ", ™ are the frequency, ion mass

and Boltzmann constant, respectively. Note that the dust ion acoustic wave (DIAW)
spectrum is similar to the usual ion-acoustic wave spectrum for a plasma with M2 T "-"-'5':';

however, in dusty plasmas we usually have Mo 2 e So, obviously, a dusty plasma cannot
support the usual ion-acoustic waves, but the modified DIA waves. In our case we are
interested to study this behavior. Firstly, we derive the dispersion relation of DIAW in
unmagetized plasma, and then solve numerically this relation for various parameters.

Basic Equations

We consider unmagnetized dusty plasma as consisting of three-component system of
ions, electrons, and cold dust grains. For hot and isothermal electrons obeying the ideal gas
law, one can adopt Boltzmann type electron density distribution. The system of equations for
the components is as follows:

The number density of the electrons is:

B e [2]

where ¢ and ¢ denote the electron number density, and the electrostatic plasma potential,

respectively. Assuming a hydrodynamical description of the ion-fluid and the dust-fluid to be
non-realistic, we can write the basic equations which govern the dynamics of the ions and the
dust particles as:

The equation of continuity for ions is: (6)

&g r
—+V.(nv)=0
ot 3]
The equation of motion for the ions is: (7)
ov; - “
mn; |—+ v - Vv | =en;E—Vp
e 0 T L (4]
The equation of continuity for the dust as equation [3] is:
4 W (ngv.) =0
gr e e 5]

The equation of motion for the dust as in equation [4] is:

dvg = -~ \
MM &—:+ vy -Vivy| =—-0Q n,E
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Possion's equation is: (7)
E, V- E=en,—en:—J-n_ -

Here ", "" ™ represent the number densities of the ions (dust particles) and the ion

(dust particle) mass respectively. "T:, Ve denote, respectively, the velocities of the ion-fluid and

the dust-fluid along the direction of propagation of the wave. i %2 are the permittivity the
Qu——8Z5 Za, .

dust charge, respectively, such that *# #  7F being the charge number on the dust

L — =V
and .

Assuming one dimensional space and that all the perturbations has Fourier solutions:

nix,t) — fexp Wy — w2) vix, ) — Pavp wkyr —w)  Glr i) — gexp i(kr — wt)

b 3

In the absence of charge perturbation, the set of lineralized equations are given by:

Mg = Ngp T
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............... [13]

where the tilt (H') indicates perturbed quantity. We obtain from this set of equations a linear
dispersion relation of low frequency ion acoustic waves in a dusty plasma:

st IXT KT, e Ade ) ey 1
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By low frequencies we mean frequencies on the order of or less than ¥ |, the ion plasma

frequency. In long wave limit “ =V the term “ips l, meaning that the wavelength is much
larger than the Debye length, yielding that the phase velocity is
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This equation is similar to dimensionless equation [8] of Nejoh (8) derived by choosing
appropriate physical scales applied on equations (1) - (6). However, dimensionless equation,
of course, immediately recovers the dispersion relation [15] upon restoring dimensions, but
clearly some extra qualitative information is admittedly hidden in the dimensionless relation.

__ g

==
Rearranging equation [15], using the ratio "0 and quasineutrality condition, we get the

following equation:

[16]

The fluid analysis just presented yields a dispersion relation with a purely real® . The
approaches used here as well as that used in Ref. (5) determine which modes are possible but
do not generally provide information regarding wave growth or damping. Equation [16] is
similar to equation [1], but the third term appeared due to collective behavior of dust particles.

Also the ratio of specific heat is taken here as n=3 , since the ions suffer one dimensional

compressions in the plane waves as we have assumed. Taking the limit of e 0 for static
dust background, equation [16] recovers equation [1]. Note that in equation [1] of Ref. (5) it is
considered that the three component of plasma are immersed in uniform magnetic field
oriented along the z-axis of Cartesian coordinate system. Thus the wave number would be in

this direction “%. The physical interpretation of this low frequency ion-acoustic mode is that
the restoring force comes from the pressure of inertialess electrons, whereas the ion mass
provides the inertia to set up wave motions. (9)

Dependence of Phase Velocity on the Density of Species

It is known that the wave speed of ion acoustic wave is determined by the temperature
and mass of the ion species. However, in dust ion acoustic wave the contribution of the high

dust charge ¢ and the relative concentration © is retained. Previous experimental studies of

DIWS (5) show that the phase velocity may vary considerably over the range of "2 We
investigate the density effect of all species on the phase velocity of the waves. We extend the
calculations to point out the effect of varying the parameters involved in the dispersion
relation for DIAW.

Dependence of Phase Velocity on the Dust Density

Figure (1) shows the phase velocity dependence on the dust density for different
values of electron density or/and ion density. The phase velocity is normalized to its
respective value in the absence of dust €26 =¥ Because of the condition ™o ~ ee T Lastao
in dusty plasma the phase velocity increases with dust particle density due to the unequal
number of electrons and ions in dusty plasmas. As the fraction of dust density increases the
wave phase velocity increases. While the relation of phase velocity with the dust density
looks somehow linear it is exactly quadratic. This can be shown if one were to extend the
range of dust density to a higher value. However, the figure indicates that as electron density

increases for the same values of dust density the phase velocity decreases. This increase in
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electron density leads to an increase in the ion density due to condition of inequality in
density of dusty plasma.

Dependence of Phase Velocity on the Ion density

Figure (2) shows the decrease of phase velocity with ion density. The figure also
shows that as the charge number of the dust grain increases for the same values of ion density
the phase velocity increases.

Dependence of Phase Velocity on the Ratio of Dust to Ion Density

Figure (3) shows the variation of the relative concentration © of the dust versus
normalized phase velocity for different values of a charge number. As the relative value of

dust concentration “ increases the wave phase velocity of the DIAW increases. The reason of
this increase can be noticed by writing the linearized momentum equation for the ions in the

T HE O - . - , -
R e rr— T i I e T (P N -y ¥
=N, T hdgpiL— oS ] AL oid

". The left hand side term is the force per

form ¢r
unit volume on a typical ion fluid element in the presence of the wave perturbation, and the
right hand side of the equation is the acoustic restoring force per unit volume on the fluid

element, which increases with the increase of © . An increase in the restoring force then gives
rise to an increase in the wave phase velocity. Physically, as more and more electrons become
attached to the immobile dust grains, there are fewer available to provide neutralization for
the ion space charge perturbations (5). The figure shows that the greater charge number

accumulated on the dust grains the lower the © value that shifts the diagram of phase velocity
to left hand side. Therefore, the dust charge number on the dust grains changes the properties
of these waves and its characteristics. Note that the phase velocity of DIAW is larger than the
usual ion-acoustic velocity. On the other hand, one can estimate a similar behavior of the
DIAW frequency with the density of species for a constant wave number.

The Dependence of Phase Velocity on the Dust Parameter €2y

EZ

Figure (4) shows the phase velocity dependence of DIAW on the dust parameter ~ ©

that is the percentage of negative charge on the dust in « dusty plasma for various values of

electron temperature. The phase velocity increases with increasing Ze as mentioned by
previous studies; however increasing electron temperature for a finite ion temperature is to
increase the phase velocity higher. The curves of DIAW almost behave in a similar manner;
however Figure (5), shows that the effect of increasing ion temperature on DIAW is to

. . . =
increase the phase velocity, but at higher values of “~¢ all the curves are converged. The

factor Ze plays a major role in determining the phase velocity. Increasing of this factor
yields higher phase velocity.
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The Dependence of Phase Velocity on the Effective Electron Temperature

It is understood that as the dust parameter increases the phase velocity increases. Thus,

T, /(1 —¢Z,)

the behavior of effective electron temperature KT, for other fixed parameters with

the phase velocity is to increase it. Figure (6) shows the behavior of the phase velocity with
effective electron temperature fle/th =522 01 two values of ion temperature. The effect of
effective electron temperature on the phase velocity with increasing ion temperature for
other fixed parameters is to shift up the curve or increasing the phase velocity. Similarly for
constant wave number the frequency of DIAW behaves in the same manner versus the

effective electron temperature.

Dependence of the Phase Velocity of DIAW on the Electron and Ion
Temperature

Figure (7) shows the effect of varying electron temperature on the frequency of DIAW
while figure (8) shows the effect of varying ion temperature on the frequency. The two figures
are plotted for various values of dust parameter. Figure (7) is plotted with fixed ion
temperature while figure (8) is plotted with fixed electron temperature and other fixed
parameters for both. The figures indicate an increase in phase velocity with an increased value
of electron temperature (fig. 7) and ion temperature (fig. 8). Also, the figures show that the
phase velocity of DIAW increases with dust parameter as described above. The relation of the
phase velocity with electron temperature is nonlinear for entire values of dust parameter.
However, this nonlinearity is not sharp for the relation of phase velocity with ion temperature
as in phase velocity with electron temperature.

Effect of Ion Mass on the Phase Velocity of DIAW

We consider the case of existing dust grains in different plasmas to examine the ion
mass effect for various plasmas. For simplicity we assume all parameters are the same for
different ion plasmas. Figure (9) shows the variation of phase velocity with ion mass number
for two different values of dust parameter. Obviously, the phase velocity of lighter ion plasma
is higher than the heavier ion. However, there is a comparison in the phase velocity for lighter
and heavier ion for two different values of dust parameter. While the difference in phase
velocity for the light ion is clearly seen with two different values of dust parameter, the
difference is very low for heavy ion. But detailed calculations indicate that the higher value of
dust parameter still yields higher phase velocity of DIAW.

The Dispersion Relation

Figure (10) is a plot of wave number versus the frequency for different values of dust
parameter. The wave shows a linear dispersion which have low frequency ion-acoustic wave
in dusty plasma. The figure shows an increase in the frequency with increased dust parameter.
This is presumably due to increased phase velocity as the dust parameter increased since the
wave number is fixed. Obviously, the DIAW frequency is much larger than the dust plasma

- . . ) :
frequency 77, however, since the phase velocity is essentially constant, the ion plasma

-
1

frequency ¥ must be well above the highest wave frequency. Hence stationary dust grains
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do not respond to the DIA waves. This is the reason of taking the limit Me =%
equation [16]. In this case, the dust grains simply provide an immobile charge-neutralizing
background. On the other hand, the DIAW is a fast wave with its phase velocity lying
between electron and ion thermal velocities.

Conclusions

In this report the presented dispersion equation of ion-acoustic waves in uniform
unmagnetized dusty plasma is studied by changing various parameters involved. Immersing
dust grains in a plasma have a significant effects in modifying the ion acoustic waves through
the quasineutrality condition. As the fraction of dust density or/and the relative concentration
of the dust grains the wave phase velocity of DIAW increases. Also as the fraction of negative
charge per unit volume on the dust or dust parameter increases the wave phase velocity
increases. For finite ion temperature the phase velocity increases with electron temperature.
Although the effect of ion temperature is to increase the phase velocity the curves of phase
velocity versus ion temperature converged at higher values of dust parameter. The phase
velocity of DIAW increases nonlinearly with effective electron temperature. Furthermore, the
phase velocity of DIAW in lighter ion plasma is higher than the heavier one. The dispersion
relation of DIAW yields low frequency of ion-acoustic wave in dusty plasma in comparison
with ion plasma frequency.
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