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Dust charge fluctuations in a magnetized dusty plasma
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Charging currents of electrons and ions to a spherical dust grain in a uniform magnetized dusty plasma have
been examined. It is found that the external magnetic field reduces the charging currents, thereby decreasing
the dust charge fluctuation damping of a low-frequency electrostatic wave in a dusty plasma.
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It is well known @1,2# that dust charge fluctuations induc
a damping of the dust-acoustic@3# and dust-ion-acoustic@4#
waves in an unmagnetized dusty plasma. There has be
significant progress in the study of unmagnetized du
plasma physics, which is summarized by Mendis@5#. How-
ever, space and laboratory dusty plasmas are usually
fined in external magnetic fields. To the best of our know
edge, there does not exist a theory for the dust cha
fluctuations and the consequent effect of the dust charge
tuation damping of the low-frequency waves in the prese
of an external magnetic field in a dusty plasma.

The charging of a spherical probe in a magnetic field
been investigated in connection with the charging of sa
lites and rockets in Earth’s ionosphere and magnetosp
@6–8#, by assuming that the electron Debye radiuslDe is
usually much larger than the probe sizea (a!lDe) in space
conditions. In the collisionless limit, strong magnetic fie
effect has been considered in the limitslm f p@a, and re
!a, wherelm f p , a andre are the mean-free path, the prob
radius, and the electron gyroradius@9,10#, respectively.

In general, the presence of an external magnetic fi
makes a dusty plasma anisotropic. Hence, charging curr
to a spherical dust grain is different in different direction
However, in the presence of a very strong magnetic field,
orbits of the magnetized plasma particles are confined to
dimension along the field lines, as if they are ‘‘glued’’ to th
magnetic field lines. Hence, the perturbed field compon
transverse to the magnetic field does not come into play,
the problem of charging currents becomes independent o
magnetic field.

In the present Brief Report, we consider the plasma
gimes that are characterized by~i! lm f p@a, ~ii ! a,lD , ~iii !
re,i>a, and ~iv! lD<r 0, wherelD is the effective dusty
plasma Debye radius@13# and r 0 is the intergrain distance
The first condition is valid in the collisionless limit, the se
ond condition is valid for the usual dusty plasma paramet
the third condition is valid for a moderate magnitude of t
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magnetic field, and finally the fourth condition is true for th
fact that the charging of the dust grain is due to both
electron and ion currents. These limits are usually valid
the context of charging dust grains in a laboratory du
magnetoplasma.

We consider a dusty plasma in the presence of an exte
magnetic fieldẑB0, whereẑ is the unit vector along thez axis
andB0 is the magnitude of the external magnetic field. T
plasma constituents are electrons, ions, and negati
charged micron-sized spherical dust grains. Following T
tovich et al. @11#, we first discuss the effects of an extern
magnetic field on equilibrium charging currents. In a we
magnetic field, the electron gyroradius (re) is much smaller
than the dust size and the change of dust charges is relat
small. Here, electrons rapidly approach the dust grain sur
along the external magnetic field direction, so that fast el
trons charging a grain may have a Boltzmann distributi
Accordingly, the orbital motion limited~OLM! electron cur-
rent remains in tact and we have@12,13#

I e052ne0Aeueexp~eVd /Te!, ~1!

wherene0 is the unperturbed electron number density,Ae is
the average dust charging cross section, which is somew
smaller than the geometrical cross sectionpa2 of a dust
particle,ue5A8/pv te , v te5(Te /me)

1/2 is the electron ther-
mal speed,Te is the electron temperature,me is the electron
mass,e is the magnitude of the electron charge, andVd
(5fd2fp;Zde/a) is the potential of the dust grain relativ
to the plasma potential. On the other hand, ions are attra
by dust and their effective cross sectionAi is larger than the
geometrical cross section. The OLM ion current then rea

I i05ni0Aiui~11eVd /K !, ~2!

where ni0 is the unperturbed ion number density,ui

5A8/pv t i , v t i5(Ti /mi)
1/2 is the ion thermal speed,Ti is

the ion temperature,mi is the ion mass, andK5miv i
2/2 is the

kinetic energy of ions before encountering the grain pot
tial. The bracketed term is the focusing factor. At equili
rium, we have

ni05ne01Zd0nd0 , ~3!

where Zd0 is the number of electrons residing on the du
grain surface, andnd0 is the unperturbed dust number de
sity. It turns out that for weak magnetic fields the dust cha
remains the same.

ni-
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However, when the strength of the magnetic field b
comes larger than a critical value where the electron gyro
dius is equal to the collection radius of electrons on d
grains, only fast magnetized electrons would be involved
the charging process, while a fraction of low energy el
trons would be reflected backwards along the magnetic fi
direction. Hence, the charging cross section for electr
would be smaller, resulting in lowering the electron curre
by a factor of 4 compared to that in the absence of a m
netic field @11#. If the ion gyroradius is still much smalle
than the ion dust attraction size, the ions will be attracted
the dust grain with approximately the same rate and th
effective cross sectionAi will be much larger than the geo
metrical cross sectionpa2. The ion current on the grain wil
then remain the same as in an unmagnetized plasma.
reduction of the electron current means a decrease of
charges. The radial electric fieldEr of a dust grain in its
vicinity would produce insignificant azimuthal (ErB0 /c)
drift of electrons ifa/re is larger thanZde2/aTe @11#.

For stronger magnetic fields@viz., B0>(c/ea)AmiTi ] in a
plasma, the ion gyroradius becomes smaller or comparab
the dust size. Here, both the electron and ion currents
modified due to the strong magnetization of the plasma p
ticles. Tsytovichet al. @11# treated this problem numericall
and reported the dependence of dust charge on the ext
magnetic field strength as well as on the parameterm
5AmiTi /meTe, wheremi /me(Ti /Te) is the ion to electron
mass~temperature! ratio. They found that the dust charge
a strong magnetic field can be substantially larger~up to 12
times! than that in the absence of the magnetic field~or in a
weak magnetic field!.

Next, we consider electrostatic perturbations (v,k) ac-
counting for dust charge fluctuations. The charging equa
for dust particles in a dusty plasma is

dtQd15I e11I i1 , ~4!

whereQd1 is the perturbation of the dust charge in the pr
ence of the perturbed electron and ion currentsI e1,i1 associ-
ated with the perturbed plasma particle distribution functio
in the electrostatic field. Here,v andk are the frequency and
the wave vector, respectively.

To calculate the perturbed currents of the magneti
electrons and ions, we assumere,i>a, wherer j is the Lar-
mor radius of the speciesj ( j equalse for electrons,i for ions
and d for dust grains!. We employ the guiding-center coo
dinates@14,15# and obtain the perturbed distribution functio
in the presence of the electrostatic potentialF(x,t) as

f j 1~x,v,t !52
qjF~x,t !

Tj
(

l
(

n
Jl S k'v'

vc j
D JnS k'v'

vc j
D

3exp@ i ~n2 l !~u2d!#

3S 12
v

v2kiv i2nvc j
D f j 0 , ~5!

where F(x,t)5F0exp@i(k•x2vt)#, F0 being the ampli-
tude of the electrostatic perturbation,u is the angle between
02740
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v' and thex axis,d is the angle betweenk' and thex axis,
Jl is the l th order Bessel function of the first kind, andi(')
denotes a quantity parallel~perpendicular! to ẑ.

Thus, in the presence of a low-frequency electrosta
field, the charging current perturbations are

I j 1~x,t ![ R Jj•dS

52pa2qjE ~v'cosu1v'sinu1v i! f j 1dv, ~6!

where f j 1 is given by Eq.~5!. After a straightforward calcu-
lation, we then obtain from Eq.~6!

I j 1~x,t !524pa2qjnj 0

qjF~x,t !

Tj

3expS 2
qjFG

Tj
D S Tj

2pmj
D 1/2

F j , ~7!

whereF j5F j 11F j 21F j 3, with

F j 15Ap

2(
n

nvc j

k'v t j
I nexp~2bj !F11

v

A2kiv t j

Z~jn!G ,

~8!

F j 252 iAp

2

k'v t j

vc j
(

n
F11

v

A2kiv t j

Z~jn!G d

dbj
@ I n

3exp~2bj !#, ~9!

F j 35Ap

2

v

kiv t j
(

n
I nexp~2bj !@11jnZ~jn!#, ~10!

andjn5(v2nvc j)/A2kiv t j .
For v!vc j , k'v t j!vc j , andkiv t j!uvu,uv2nvc ju, the

modification factorF j reduces to

F j.Ap

2
~12bj !F k'v t j

vc j
S v

vc j
2 i

ki
2v t j

2

v2 D 2
kiv t j

v G . ~11!

Whenki /k'!v2/vc j
2 and if we neglect the small imaginar

term in Eq.~9!, the modification factor is found to be

F j.Ap

2

k'v t j

vc j

v

vc j
~12bj !, ~12!

which is less than unity.
We note from Eq.~7! that for bj!1 and kiv t j!v, the

perturbed currents in a uniform magnetized dusty plasm
reduced by a factorF j from the unperturbed currents to th
grains.

For uvu!vc j ,k'v t j!vc j , andkiv t j@uvu,uv2nvc ju, we
obtain from Eqs.~8!–~10!

F j.Ap

2
~12bj !S v

kiv t j
1 i

k'v t j

vc j
D . ~13!
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For uvu/kiv t j@k'v t j /vc j we can neglect the imaginary pa
in Eq. ~13!, andF j again becomes less than unity. Equatio
~12! and ~13! reveal thatF j is less than unity for both high
and low-parallel phase velocity waves.

Takingnj5nj 01nj 1 andQd5Qd01Qd1, we obtain from
Eq. ~4!

Qd152 ib~v!F/v, ~14!

where

b~v!5
a2

A2p
Fvpe

lDe
expS eFG

Te
DFe~v!

1
vpi

lDi
S 12

eFG

Ti
DFi~v!G . ~15!

Here, lD j5v t j /vp j , vp j5(4pnj 0qj
2/mj )

1/2, and Fe,i(v)
are given by Eq.~10! or Eq. ~11!, depending on the condi
tions of the wave perturbation and the plasma paramete

To demonstrate how the external magnetic field affe
the damping of a low-frequency electrostatic mode propa
ing nearly perpendicular to the magnetic field direction,
consider a magnetized dusty plasma with finite electron
ion temperatures. For vcd ,kv td ,kiv t i ,kiv te!uvu
!vci ,vce , andbe,i!1, the electrons and ions are strong
magnetized, while cold dust grains are unmagnetized.

Poisson’s equation in the presence of a low-freque
mode and dust charge fluctuations is

k2F14p~ne1e2ni1e2nd1Qd02nd0Qd1!50, ~16!

whereQd1 is given by Eq.~16! for F j given by Eq.~11!.
Inserting nj 152(k2x j /4pqj )F, where xe.(vpe /vce)

2

3(k' /k)22(vpe /v)2(ki /k)2, x i.(vpi /vci)
2(k' /k)2

2(vpi /v)2(ki /k)2, and xd.2(vpd /v)2 in Eq. ~17!, we
obtaine(v,k)F50, where the dielectric constant of a ma
netized dusty plasma is

e~v,k!511
k'

2

k2

vpi
2

vci
2 S 11

ne0me

ni0mi
D2

ki
2

k2

vpe
2

v2 S 11
ni0me

ne0mi
D

2
vpd

2

v2
1 i

4pnd0b~v!

k2v
. ~17!

Neglecting the dust charge fluctuations, one readily obta
from e(v,k)50 the dust-lower-hybrid~DLH! wave fre-
quency@16#
c
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v5
k

k'

vpdvci

vpi
S 11

ki
2

k2

vpe
2

vpd
2 D 1/2

[v r , ~18!

where ni0me!ne0mi has been assumed. However, du
charge fluctuations introduce a damping of the DLH wav
with a damping rate

gL524pnd0b~v r !/k
2, ~19!

which is obtained from Eq.~17! by letting v5v r1 igL ,
with gL

2!v r
2 . Here,b(v r) is modified from the unmagne

tized value@1# by the factorsFe andFi , given by Eq.~12!.
To summarize, we have investigated the influence of

external magnetic field on dust charge perturbations i
dusty plasma. It is found that the external magnetic fi
reduces the charging currents on the dust grains, thereby
creasing the dust charge fluctuation damping of a lo
frequency electrostatic wave through the reduction ofb(v r)
by the factorsFe andFi , which are given by Eq.~12! or Eq.
~13!. In order to have some appreciation of our results,
estimate the frequency and the damping rate by taking
plasma and wave parameters that are relevant for labora
discharges. Accordingly, we takeni0;109 cm23, nd0
;104 cm23, Zd0;53103, Te;1 eV, Ti;0.1 eV, B0

;400 G, and a510 mm. For k';1 cm21 and ki
2/k'

2

!Zd0
2 nd0me /ne0md , the frequency and the damping rate

the dust lower hybrid are 10 s21 and 2 s21, respectively. In
conclusion, we state that knowledge of dust charge fluct
tion induced damping of waves is required in calculating
thermal wave spectrum by using a fluctuation dissipat
theorem.
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