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Nonrelativistic electromagnetic surface waves: Dispersion properties in a magnetized dusty
electron-positron plasma
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Nonrelativistic electromagnetic surface waves propagating on the plane interface between dusty electron-
positron plasma and vacuum are investigated by specular reflection procedure. In the presence of an applied
magnetic field (B05B0ŷ) directed perpendicular to both the interface normal and the wave vector, transverse
electromagnetic modes are studied in terms of the dispersion relation. The analytic modes are derived and
discussed with the aid of some numerical analysis. The cold electromagnetic surface wave dispersion relation
considering the effect of dust particle shows that possible modes appear only when the normalized frequency

(v̄) and the wave vector (K̄) satisfy the conditionV̄,v̄,V̄1(11d)/2 andK̄.V̄, whered(5n02 /n01) is

the parameter of charge imbalance in the plasma andV̄ is the normalized cyclotron frequency.

PACS number~s!: 52.35.Hr, 52.35.Lv, 52.25.Zb
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I. INTRODUCTION

It is widely thought and observed that electron-positr
~hereafter, the terminology electron-positron is referred to
e1e2! plasmas, which are composed of fully ionized pa
ticles with same mass and opposite charge, have appear
the early Universe@1,2#, and are frequently encountered
active galactic nuclei@3# and in pulsar magnetospheres@4,5#,
Van Allen radiation belts, and near the polar cap of f
rotating neutron stars@6–9# as well as in semiconductor plas
mas@10#. However, up until now, the research of theoretic
and experimentale1e2 plasma system is less developed a
restricted to relativistic case. Surprisingly, recent expe
ments have presented the possibility of creating a nonrela
istic e1e2 plasma in the laboratory@11#. This possibility of
creating nonrelativistice1e2 plasma source in the laborator
is open up to not only the understanding of physical pheno
ena, but also the development of another plasma sourc
the microwave discharge using surface waves, so-called
face wave plasma@12#. For this reason, recently, there h
been a great deal of interest in studying linear as well
nonlinear wave motion in such plasmas. Stewart and La
@13# researched linear wave propagation in the region of b
e1e2 plasma, and Tsytovich and Wharton@14# investigated
preliminary theoretical results and presented an idea fo
magnetic mirror device fore1e2 system experiments. Also
Iwamoto and Avinashet al. @15# used a kinetic approach fo
analysis of bulk waves in ane1e2 plasma, and Popel
Vladimirov, and Shukla@16# have investigated soliton prob
lem in electron-positron-ion plasmas. However, most of
trophysical plasmas as well as plasma of processing app
tion usually contains negatively charged dust particles w
electron and ion, and also such plasma are bounded
vacuum~or another materials!. The dusty plasmas, which i
characterized by large-size~in the range of 10mm to 100
mm! particles and usually highly charged (Qd;1032104)
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due to a variety of processes including plasma currents, p
toelectric effects, secondary emissions, etc., are encount
in space, ranging from earth ionosphere to interstellar clou
and in the laboratory situations, ranging from plasma p
cessing to fusion devices. Obviously, the plasma model
cluding dust particle effect is more realistic than the oth
conventional pure electron-ion plasma model or puree1e2

plasma model. It has been found that charged dust grains
modify the wave dispersion, instabilities, and wave scat
ing, etc.@17–21#.

The main purpose of this paper is to understand the e
tromagnetic surface wave dispersion properties of a du
e1e2 plasmas in the presence of an applied magnetic fi
(B05B0ŷ). The propagation of surface waves on the int
face between a vacuum and a plasma has attracted m
attention because of various technological applications
well as its relation to laser fusion and astrophysical pro
lems. Despite this, theoretical research of surface wave p
nomena, which include the effect of dust grains has been
developed for thee1e2 plasma system. The reason why r
search about theoretical surface wave problems are les
vestigated is that it is not easy to solve and analyze beca
of the difficulty of finding correct boundary conditions. I
order to derive the surface wave dispersion relation, we
specular reflection procedure@22–25# which solves the wave
equation by Fourier transform, treating the semi-infin
problem by appropriately extending the field compone
into an undefined region. The choice of correct bound
condition for solving the problem by the plasma and vacu
system demands extreme caution. However, the advantag
this method is that it needs only one boundary condition~the
continuity of tangential electric field! and automatically takes
care of the presence of linear surface charge or current.

In this paper, we assume that the interface betw
plasma and vacuum is sharp: the physical transition la
from plasma to vacuum is much shorter than any charac
istic length involved in the problem. The assumption, whi
is called sharp boundary model, may be less well justifi
due to the interaction between the antiparticle and the w
4357 © 2000 The American Physical Society
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material, however, we neglect such interactions in this pr
lem. In this paper, we discussed the surface wave of
transverse magnetic mode propagating on dustye1e2 plas-
mas bounded by vacuum, in the presence of an applied m
netic field. Also, the analytic dispersion modes which
modified by dust particle effect are derived using charge
balance parameterd and discussed for some limiting cas
with the help of numerical work. This paper is organized
follows. Section II deals with the multifluid basic equation
In Sec. III, electromagnetic surface wave modes in mag
tized dustye1e2 plasmas are discussed in terms of the d
persion relation. This research is summarized in Sec. IV

II. MODEL AND BASIC EQUATIONS

The presence of dust particles significantly affect b
plasma parameters and collective processes in this syste
particular, charged dust grains can effectively collect el
trons and positrons from the background plasma. These e
librium system consists of charged dust particles, positro
and electrons, which satisfy overall charge neutrality con
tion

n15n21Zdnd , ~1!

where the subscript1, 2, andd are the species index~1 for
the positron,2 for the electron, andd for the dust particles,
respectively!. The fluid equations appropriate to ane1e2

plasma consist of the usual continuity and momentum eq
tions for each species, supplemented by Maxwell’s eq
tions. We assume that the plasma occupies the regionx.0,
with the plane interfacex50 bounded by vacuum (x,0)
and the waves are propagated in thez direction, so all the
wave quantities are represented in a form;eikz2 ivt. We
begin with the following basic equations.

]va

]t
5

qa

m S E1
1

c
va3BD , ~2!

]na

]t
1“•~nava!50, ~3!

“•E54pe~n12n2!, ~4!

“3E52
1

c

]B

]t
, ~5!

“3B5
4p

c
J1

1

c

]E

]t
, ~6!

where the subscripta is the species index,m the electron
mass,v the fluid velocity,c the speed of light, andE andB
the electric and magnetic fields, respectively.

III. ELECTROMAGNETIC SURFACE WAVE MODES IN
MAGNETIZED PLASMAS

In this section, we show that the dispersion relation
electromagnetic wave in a cold plasma can be derived
specular reflection procedure. It is well known that elect
magnetic field equations can be split into two independ
subsystems, TM and TE modes, of which only the T
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modes admit surface wave solutions. In the present geom
TM mode surface wave consists of the field compone
(Ex ,Ez ,By) and the rest of the components will be put equ
to zero@26#. In order to obtain the specular reflection sol
tion of the TM mode surface wave varying as;eikzz2 ivt, we
shall apply the following conditions:

Ex~x!52Ex~2x!

Ez~x!5Ez~2x! ~7!

By~x!52By~2x!

The conditions of Eq.~7! are not boundary conditions: the
are mathematical recipe which are needed to extend a
cially the domain of plasma into the regionx,0 so that
Vlasov and Maxwell equations are invariant under the refl
tion x→2x and vx→2vx specular reflection condition!.
But the physical boundary conditions, i.e., the continuity
tangential components of the fieldsE andB for x50, should
be enforced to match the vacuum and plasma solutions.
ing Eq. ~7!, we get the Fourier-transformed Maxwell equ
tion which is extended over to the entire space2`,x,`

kxEz~kx!2kzEx~kx!1
w

c
By~kx!50, ~8a!

ikzBy~kx!2 i
w

c
Ex~kx!1

4p

c
Jx~kx!50, ~8b!

ikxBy~kx!2
a

p
1 i

w

c
Ez~kx!2

4p

c
Jz~kx!50, ~8c!

wherea[By(x501). The currentJx andJz are determined
in terms of the extended electric and magnetic fields as if
entire space (2`,x,`) were filled out by the same
plasma. We shall assume that external magnetic fieldB0
5B0ŷ ~directed perpendicular both to the interface norm
and the wave vector! and introduce the cyclotron frequenc
V[eBa /mc. Then linearizede1 ande2 equation of motion
and continuity equation give

2 iwva5
ea

m
E1Vava3 ŷ, ~9!

na5
na0

w
k•va , ~10!

wherea5e,p.
Using the above equations, the velocity componentsvx

andvz can be written in terms of the field componentsEx ,
Ez , andBy , and thus we have the following expressions f
the components of the currentJ5eN(vp2ve)

Jx5
iw

4p~w22V2!
~wp1

2 1wp2
2 !Ex , ~11!

Jz5
iw

4p~w22V2!
~wp1

2 1wp2
2 !Ez . ~12!
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By substituting Eqs.~11! and ~12!, Eqs. ~8a!–~8c! can be
arranged into the form,

S kx 2kz
w

c

jkxkz 2«L1jV2 ckz

w

«L2jV2 2jkxkz
ckx

w

D S Ez

Ex

By

D 5S 0
0

2
iac

pv

D ,

~13!

where «L[12vp1
2 1vp2

2 /v2, j[vp1
2 1vp2

2 /v2(v2

2V2), andvp6
2 [4pe2np6 /m have been introduced.

After straightforward algebra, we arrive at the followin
solution of Eq.~13!

Ez~kx!5
ia

pD H c2

v2 kz
22«L1jV2J , ~14!

Ex~kx!5
iac2

pw2D
kxkz , ~15!

By~kx!5
iackx

pwD
$«L2V2j% ~16!

where

D[
c

v
$«L2v2j%H v2

c2 ~«L2v2j!2k2J
is the determinant of the matrix in Eq.~13!.

The vacuum solutions are obtained from Eqs.~14! to ~16!
by replacinga→2a and puttingj5vp50. Then, the result-
ing equations are easily inverted to yield

Ez~x!5
iac

v
lelx, ~17!

Ex~x!5
ac

v
kze

lx, ~18!

By~x!5aelx, ~19!

wherel[Akz
22v2/c2 andx,0.

The boundary values of the field components, i.e.,
values atx501, which are our primary concern, are o
tained by operating on Eqs.~14! to ~16! with *2`

` dkx and by
evaluating the integral by the residue theorem. Then, pick
up the residues at simple polekx5 ih, we get

Ez~x501!52
iav

c

h

kz
22h2 , ~20!

Ex~x501!5
av

c

kz

kz
22h2 , ~21!

By~x501!5a, ~22!

where
e

g

h[H kz
22

v2

c2 S 12
vp1

2 1vp2
2

v22v2 D J 1/2

.

These values should be compared with the vacuum side
its of Eqs.~17!–~19!. Using Eqs.~17! and ~20! for the con-
dition Ez(x501)5Ez(x502) yields the linear electromag
netic surface wave dispersion equation for magnetized d
e1e2 plasmas:

Akz
22

v2

c2 S 12
vp1

2 1vp2
2

v22v2 D
1Akz

22
v2

c2 S 12
vp1

2 1vp2
2

v22v2 D 50. ~23!

Obviously, Eq.~23! can be derived from the well-known
dispersion relation for the magnetized cold ion-electron pl
mas @Eq. ~68! in Ref. @22## by making the correspondenc
vpi

2 →vp1
2 , vpe

2 →vp2
2 , and V i5Ve→V. Equations~18!

and ~21! give the jump inEx

@Ex#[Ex~01!2Ex~02!

5
ackz

v H v22V2

v22V22vp1
2 2vp2

2 21J . ~24!

Equation~24! shows that the normal field componentEx is
discontinuous across the interface and this discontinuity
due to the cold electron and positron components which fo
a surface charge in a thin layer near the interface. Equat
~19! and ~22! show the fact that the field componentBy is
continuous across the interface in cold magnetizede1e2

plasmas. The linear electromagnetic surface wave disper
Eq. ~23! for magnetized dustye1e2 plasmas can be solve
analytically with the aid of some numerical work and usi
dimensionless parameters

K̄[c2kz
2/vp2

2 , v̄[v2/vp1
2 , V̄[V2/vp1

2 , d[no1 /no2 .

Equation~23! can be rewritten using this parameter

AK̄2v̄S 12
11d

v̄2V̄
D 1AK̄2v̄S 12

11d

v̄2V̄
D 50.

~25!

where d is the charge imbalance parameter in the plas
with the remainder of the charge residing on the dust p
ticle. Squaring Eq.~25! yields the following solutions by
quadruture

v̄5
1

2
$2K̄1V̄111d

6A~2K̄1V̄111d!224K̄~2V̄111d!%. ~26!

All the solutions of Eq.~25! are included in Eq.~26!, but
some of the solutions in Eq.~26! are spurious as they ar
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generated in the process of squaring. we take the gen
solutions by checking against the original solution, Eq.~25!.
The ~1! sign in Eq. ~26! should be rejected, giving only
following equation:

FIG. 1. Electromagnetic surface wave dispersion curves in m
netized cold dustye1e2 plasmas for several values of charge im

balance parameterd. ~a! V̄50, ~b! V̄50.5, and~c! V̄51.0.
ne

v̄5
1

2
$2K̄1V̄111d

2A~2K̄1V̄111d!224K̄~2V̄111d!%. ~27!

Equation~27! is the analytical dispersion relation equation
nonrelativistic electromagnetic surface wave in a magneti
dustye1e2 plasmas. In Figs. 1~a!–1~c!, we plot the electro-
magnetic surface wave dispersion curves in magneti
e1e2 plasma for various different values of charge imb
ance parameterd and normalized cyclotron frequencyV̄, as
numerically obtained. when the parameterd is increased to-
ward 1, this dispersion curves~solid lines! which is indicated
in Figs. 1~a!–1~c! are identical with our earlier result of dus
free case@25#. The normalized frequency is decreased as
effect of dust particle is increased. Also, these dispers
modes show that bothK̄ and v̄ have the restricted range i
order to exist the electromagnetic surface waves in mag
tized dustye1e2 plasmas. In order to investigate this dispe
sion curves precisely, the general behaviors of the functiov̄
are indicated in Fig. 2. we found following interesting resu
in the processing of numerical work. The following resu
tell us the condition for the waves to be electromagne
surface wave in the presence of magnetic field by inspec
Eqs.~25! and ~27!

V̄,K̄,`, ~28!

V̄,v̄,V̄1~11d!/2. ~29!

Inequalities~28! and~29! indicate that the allowed ranges o
wave-number vectorK̄ and frequencyv̄ are restricted by
external magnetic field effect. These inequalities also sh
that the normalization frequencyv̄ approaches the valueV̄
1(11d)/2 as normalization wave vectorK̄ goes to infinity,
and the electromagnetic surface wave does not appear fo
region K̄,V̄.

IV. SUMMARY

In this paper, we have shown that the problem of TM
mode electromagnetic surface wave modes for an du
e1e2 plasma can be investigated by specular reflection p

g-

FIG. 2. General feature of the electromagnetic surface w
dispersion curve in magnetized dustye1e2 plasmas.
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cedure. In the case of magnetized cold plasmas, we h
shown that the field componentEz and By are continuous
across the interface, but the normal field componentEx is
discontinuous across the interface. This discontinuity ta
place because of the cold electron and positron compon
which form a surface charge in a thin bounded layer. Un
the consideration of an dusty particle effect, the normaliz
frequency is decreased compared with that of dust-free
(d51). The most remarkable results are that the electrom
netic surface wave dispersion relation for the cold mag
tized e1e2 plasma shows that the possible surface wa
,
,

et

d

ve

s
ts
r
d
se
g-
-

e

modes appear only when the frequency (v̄) and the wave
vector (K̄) satisfy the conditionV̄,v̄,V̄1(11d)/2 and
V̄,K̄,`. Consequently, Eqs.~28! and~29! tell us the con-
ditions for the waves to be TM-mode electromagnetic s
face waves in cold magnetizede1e2 plasmas.
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