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Dust acoustic wave in a thermal dusty plasma
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~Received 11 November 1999!

The dust acoustic wave~DAW! spectrum is reexamined to account for the dust charge fluctuation dynamics
in a thermal dusty plasma whose constituents are electrons and positively charged dust particulates. The latter
appear because of thermionic and ultraviolet induced photoemissions. Consideration of dust charge fluctuations
modifies the DAW frequency, and also produces collisionless spatiotemporal damping.

PACS number~s!: 52.25.Zb, 94.20.Bb, 52.35.Fp
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It is well recognized that dust acoustic~DA! @1# and dust
ion-acoustic~DIA ! @2# waves are the two normal modes
an unmagnetized dusty plasma, which is composed of e
trons, ions, and micrometer sized extremely massive cha
dust particulates. Both DA and DIA waves have been
served@3–7# in several low-temperature dusty plasma d
vices. However, in the DA and DIA fields, charges on t
dust grain surface may fluctuate owing to the variation of
electron and ion currents that reach the dust grain sur
during dust grain charging. The effects of dust charge fl
tuations on DA and DIA waves were examined theoretica
by Varma, Shukla, and Krishan@8#, as well as by many othe
authors@8–11#, and the charging equation was described
‘‘orbital-limited motion’’ ~OLM! electron and ion current
@12# for situations when the dust grains are negativ
charged. The OLM theory is valid forR!lD!lm , whereR
is the radius of a spherical dust particle,lD is the effective
dusty plasma Debye radius@13#, and lm is the mean free
path for electron-neutral and ion-neutral collisions. Recen
Morfill, Ivlev, and Jokipii @14# have demonstrated the amp
fication of a dust lattice wave due to stochastic dust cha
fluctuations, while Kharpaket al. @15# examined the dynami
cal properties of random charge fluctuations in a du
plasma with different charging mechanisms. The importa
of dust charge fluctuations has also been recognized in s
laboratory experiments@16,17#. Specifically, Chui and Goree
@16# showed that very small grains can experience fluct
tions to neutral and positive polarities, even in the absenc
electron emission. On the other hand, Nunomuraet al. @17#
report instability of dust particles in a Coulomb crystal d
to delayed charging associated with dust charge variation
critical evaluation of the literature reveals that the previo
investigations dealing with the effects of dust charge fluct
tions on wave motions and instabilities have focused o
dusty plasma with negatively charged dust grains only.

However, in a thermal dusty plasma the dust grains
mostly charged positively@18# due to thermionic emission
@19# and ultraviolet~UV! induced photoemission@20–22#.
Hence, a thermal dusty plasma is composed of electrons
positively charged dust grains. There are no ions in the s
tem. In this paper, we discuss the dust acoustic wave s
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trum for this two-component dusty plasma and account
the dust charge fluctuation dynamics.

We consider the propagation of low frequency (v
!ne f f , wherene f f is the effective collision frequency de
fined in Ref. @23#!, long wavelength@in comparison with
v te /une f f(n ion2ned)u1/2[lm f , where v te is the electron
thermal velocity andn ion andned are the ionization rate and
the electron dust collision frequency, respectively# DA
waves in an unmagnetized thermal dusty plasma whose
stituents are electrons and extremely massive positiv
charged dust particulates. The dust sizes and the interg
spacings are much smaller than the electron Debye rad
We also assume that there is a sufficient number of char
dust grains within the Debye sphere and the shielding of
dust grains comes from the background electrons. The e
tron number density in the electrostatic DA wave potentiaf
is @1#

ne~f!5ne0 exp~ef/Te!, ~1!

wherene0 is the unperturbed electron~ion! number density,e
the magnitude of the electron charge, andTe the electron
temperature. The quasineutrality requires thatne05Z0nd0,
whereZ0 is the unperturbed number of positive charges
siding on the dust grain surface andnd0 is the unperturbed
dust number density. We stress that Eq.~1! is valid on a time
~space! scale that is longer~smaller! than ne f f (lm f). Ac-
cordingly, the electron production and loss rates as wel
the volume recombination rate are negligibly small.

The dust grain dynamics is governed by the continu
and momentum equations, which are, respectively,

] tnd1¹•~ndvd!50, ~2!

and

~] t1nd1vd•¹!vd52
eZ0

md
¹f2

3Tdnd

mdnd0
2

¹nd , ~3!

wherend and vd are the dust number density and the du
fluid velocity, respectively,nd is the dust-neutral collision
frequency,Td is the dust temperature, andmd is the dust
mass.

Equations~1!–~3! are supplemented by the Poisson equ
tion
7249 ©2000 The American Physical Society
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¹2f54pe~ne2Zdnd! ~4!

and the charging equation

~] t1vd•¹!Zd5~ I 12I e
2!/e. ~5!

The currentI 1 is given by

I te
154pR2S meTe

2p\2D 3/2

A2

p
ene0v te~11g!

3exp~2g2We /Te! ~6!

for dust charging by thermionic emission@19#, and

I pe
1 5pR2eJYexp~2sg! ~7!

for dust charging by UV irradiation@20#. The expression for
the electron collection current, which is obtained from t
OLM theory, is@12#

I e
254pR2ene~f!v te~11g!, ~8!

where\ is the Planck constant,v te5(Te /me)
1/2 is the elec-

tron thermal velocity,me is the electron mass,g5Ze2/RTe
[ew/Te , w is the surface potential of the dust grain,We is
the work function,J is the UV photon flux,Y is the yield of
photons,s5Te /Tp , and Tp is the average energy of th
photoelectrons.

Letting w5w01w1[e(Z01Z1)/R5eZd /R, and assum-
ing thatw1!w0 andef/Te!1, we obtain from Eqs.~1!, ~6!,
~7!, and~8! for the fluctuating currents

dI te
152Z1A2

p

Rvpe

lDe
S meTe

2p\2D 3/2

eg0 exp~2g02W/Te!,

~9!

dI pe
1 52Z1

Rvpe

lDe

eJY

4pne0v te
s exp~2sg0!, ~10!

and

dI 252A2pR2ene0v teS Z1e2

RTe
1~11g0!

ef

Te
D , ~11!

where vpe5(4pne0e2/me)
1/2 is the electron plasma fre

quency,lDe5(Te/4pne0e2)1/2 is the electron Debye length
andg05Z0e2/RTe[ew0 /Te .

Substituting Eqs.~9!–~11! into Eq. ~5!, we readily obtain

~] t1n1,2!Z152 f vpeef/Te , ~12!

where

n15
vpeR

A2plDe
F112S meTe

2p\2D 3/2Gg0 exp~2g02W/Te!

~13!

represents the frequency associated with dust charge pe
bation during thermionic emission of electrons, and
ur-

n25
vpeR

A2plDe
S 11A2p

JY

4pne0v te
s exp~2sg0! D

~14!

is the frequency associated with dust charge perturba
during the emission of electrons from the dust grain surf
due to UV irradiation. Furthermore, we have denotedf
54pne0lDeR

2(11g0).
On the other hand, lettingnd5nd01nd1, where nd1

!nd0, we obtain from Eqs.~2! and ~3!

@~] t1nd!] t23v td
2 ¹2#nd15nd0

Z0e

md
¹2f, ~15!

wherev td5(Td /md)1/2 is the dust thermal velocity. Combin
ing Eqs.~1!, ~4!, ~12!, and~15!, and Fourier transforming the
resulting equation (] t52 iv,¹5 ik, wherev andk are the
frequency and the wave vector, respectively!, we obtain the
dispersion relation

11
1

k2lDe
2

2
vpd

2

~v1 ind!v23k2v td
2

1
F

k2lDe
2

vpe

n1,22 iv
50,

~16!

whereF54pnd0lDeR
2(11g0).

Equation~16!, which is the main result of our paper, ca
be analyzed numerically. However, in most plasmas,
havend!uvu!n1,2. Accordingly, lettingv5v r1 iv i in Eq.
~16!, wherev i!v r , we obtain forv@kv td

v r'
kCD

~11k2lDe
2 1Fvpe /n1,2!

1/2
~17!

and

v i'2
Fvpev r

4

2n1,2
2 k2CD

2
, ~18!

whereCD5(Z0Te /md)1/2 is the DA velocity. Equations~17!
and ~18! are the frequency and the damping rate of the D
wave in a thermal dusty plasma containing electrons
positively charged dust grains.

The spatial damping rate for a real frequency can be
duced from Eq.~16! by lettingk5kr1 ik i . For kv td!v and
klDe!1, we obtain

kr
25ki

21S 11
Fvpen1,2

~n1,2
2 1v2!

D v2

CD
2

~19!

and

ki5
Fvpev

2

2krCD
2 ~n1,2

2 1v2!
. ~20!

In summary, we have examined the DA wave spectrum
a thermal dusty plasma when the dust grains are cha
positively. Accounting for dust charge fluctuations, whi
arise owing to fluctuating electron and thermion
photoemission currents, we have derived a dispersion
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lation for the DA wave in which the restoring force com
from the pressure of the inertialess electrons and the
mass provides the inertia. It is found that consideration
dust charge fluctuations modifies the DA wave frequen
and its spatiotemporal damping rates. We emphasize tha
phase velocity@(Z0Te /md)1/2# of the present DA wave in a
thermal dusty plasma is much smaller than that of a D
wave@2#, asZ0 /md!Zi /mi , whereZi(mi) is the ion charge
~mass!. The DA wave does not suffer the electron and d
Landau dampings asv td!v/k!v te . The results of our in-
vestigation are thus useful for understanding the propaga
of nonthermal ultralow-frequency DA fluctuations that m
arise due to a two-stream instability involving electr
beams. The DA fluctuations may scatter off electromagn
waves from the Earth’s polar mesosphere which contain
distinct positive dust layer@24–26#. Furthermore, the DA
wave in a thermal plasma can also be responsible for
attractive force@27# between positively charged dust grain
leading to Coulomb crystallization. The attractive force
ci.
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attributed to an oscillating wake potential@27# fc

'(2Qt /j)cos(j/L), whereQt is the charge of a test particle
j5uz2Utu, U is the test particulate velocity along thez axis,
L5lDe@(U2V0)22CD

2 #1/2/CD is the effective attraction
length,V0 is thez component of the dust flow velocity, an
uU2V0u!CD . The wake potential is attractive for cos(j/L)
,0. The physics of positive dust grain attraction is similar
Cooper pairing in which positively charged dust grains p
larize the medium by attracting electrons whenv5kzV0
6kzCD . The excess electrons attract the neighboring po
tive dust grains in the negative wake potential that is ass
ated with the DAW in a thermal dusty plasma. Thus, qua
lattice structures composed of positive dust grains
possible, as has been demonstrated in experimentally@18#.
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