View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Queensland University of Technology ePrints Archive

\ AI P Elhay:liT?:SOf ,,,..

Compressional Alfvén cross—field surface waves in inhomogeneous dusty plasmas
N. F. Cramer, S. V. Vladimirov, K. N. Ostrikov, and M. Y. Yu

Citation: Physics of Plasmas (1994-present) 6, 2676 (1999); doi: 10.1063/1.873222
View online: http://dx.doi.org/10.1063/1.873222

View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/6/7?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Twisted dust acoustic waves in dusty plasmas
Phys. Plasmas 19, 083704 (2012); 10.1063/1.4746091

Solitary inertial Alfvén waves in dusty plasmas
Phys. Plasmas 15, 114504 (2008); 10.1063/1.3033747

Effect of dust charge fluctuation on the propagation of dust-ion acoustic waves in inhomogeneous mesospheric
dusty plasma
Phys. Plasmas 15, 073708 (2008); 10.1063/1.2927442

Solitary Alfvén waves in a dusty plasma
Phys. Plasmas 14, 052304 (2007); 10.1063/1.2727461

Phenomenology of compressional Alfvén eigenmodes
Phys. Plasmas 11, 3653 (2004); 10.1063/1.1760094

AI P Ajﬂuopugl?:él cszhysics

Journal of Applied Physics is pleased to
announce André Anders as its new Editor-in-Chief



https://core.ac.uk/display/33492713?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1679442875/x01/AIP-PT/PoP_ArticleDL_071614/AIP-2161_JAP_Editor_1640x440r2.jpg/3961754b68464f6f69573441416b4239?x
http://scitation.aip.org/search?value1=N.+F.+Cramer&option1=author
http://scitation.aip.org/search?value1=S.+V.+Vladimirov&option1=author
http://scitation.aip.org/search?value1=K.+N.+Ostrikov&option1=author
http://scitation.aip.org/search?value1=M.+Y.+Yu&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.873222
http://scitation.aip.org/content/aip/journal/pop/6/7?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/8/10.1063/1.4746091?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/15/11/10.1063/1.3033747?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/15/7/10.1063/1.2927442?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/15/7/10.1063/1.2927442?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/14/5/10.1063/1.2727461?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/11/7/10.1063/1.1760094?ver=pdfcov

PHYSICS OF PLASMAS VOLUME 6, NUMBER 7 JULY 1999

ARTICLES

Compressional Alfve "n cross—field surface waves in inhomogeneous
dusty plasmas
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Compressional Alfve surface waves in an inhomogeneous dusty plasma are studied. The
inhomogeneity is modeled by two distinct regions of dusty plasmas with different ion densities.
The stationary external magnetic field is along the interface between the two plasmas. The
dispersion properties of cross-field surface waves, impossible in dust-free plasmas, are obtained
for the constant dust charge case. The existence of the surface waves is due to an imbalance in
the electron and ion Hall currents in a dusty plasma. 1899 American Institute of Physics.
[S1070-664X9900207-4

I. INTRODUCTION and ion Hall current? This leads to the possibility of wave
field localization within the region of sharp discontinuity,

Low-frequency magnetohydrodynamic waves play anand, hence, to the existence of pure surface wave solutions.

important role in many physical processes in laboratory and

space plasmaslin particular, Alfven and magnetoacoustic ||. WAVE EQUATIONS

waves are used for the heating of fusion plasfasd have ) .

been successfully invoked in theoretical models for various ~1he inhomogeneous dusty plasma structure is modeled

astrophysical phenomena such as solar and stellar winds a o FWO regions of .d'St'nCt partu_:léelectrons, lons and dust

coronae, micropulsations in the Earth’s magnetospheré, eto(_;;rams) den5|_t|es with a_planar m_terf_ace between thenx at_

It is well known that in regions with strong nonuniformity or =0. The region of SW fleI(_j Iocal|zat|or_1 near the interface is

discontinuity localized compressional or shear Atfvsur- of the order of the SW skin depth. It is usually small com-

face wavesSWs can exist The electromagnetic energy of pared to the sizes of .poth plasma regions but much larger
the SWs is confined to the regions where such nonuniformi'Ehan that of the transition layer between th.e. tyvc_> plasmas.
ties exist Thus, we can treat the structure as two semi-infinite plasmas

Stable discontinuous structures with sharp interfaces ca{‘)[eg'onS 1 and 2 for>0 andx<0, respectively separated

be formed in dusty space and laboratory plasipenetary y a sharp interfac_e. Th_e e_xte_rnal magnetic ﬁBB.]”S di-
rings, voids, etd.>~° The dust grains are usually negatively rected_ alo_ng the axis, which IS I the plane_ of the interface.
charg'ed du,e to electron attachment, and they can carry I;o_r simplicity, we  shall cor_15|der cross-fielalong they
large proportion of the negative charge, and so affect th&* i) surface wave propagatl_on. .
dispersion properties and damping of the ARBWs propa- .The perturbations assouayed with the SWs are taken to
gating obliquely to the external magnetic field in suchbe in the formA(r,t)_=A(x)e_xp[|(kyy—wt)], wherek, is the
structures®12 In this paper the special case of cross-field2'® number ana is the eigenfrequency. We assume that
propagation of compressional AffieSWs in highly struc- the frequency of. th?. waves is below the ion cyclotron fre-
tured dusty plasmas is studied. This case reveals some inteqygzgg i bsuot tﬁgggg?gﬂginasbg;ﬁ k;[zeta(lj(:it tgytiogt(;gofr:z_ry
. hvsics si h X ‘ | . ds e dust ¢ .
esting physics since the existence of transyersely propagatin The dust grain size is assumed to be much smaller than

Alfvén SWs, impossible in dust-free plasnidss caused by the Debye length and the intergrain distance, and the dust is

th t grains. As is shown in thi r, thi m - ) . .
1 dust grains. As is sho . > Paper, this becomes po?reated as a continuous stationary background of negative
sible because of the dust-induced imbalance of the electror\1
charge. In the steady state, we hamg,—engy+ qgngo=0,

wheren,q is the steady-state number density of the species
®Electronic mail: S.Vladimirov@Physics.usyd.edu.au; a=i,e,d for the (singly ionized ions, electrons and dust

http://www.physics.usyd.edu.au¥ladimi ; ; — ; ;
YPermanent address: Kharkov State University and Scientific Centre fograms’ resPeCtlvely' Hereq=Zqe Is the (negaﬂve} charge

Physical Technologies, 2 Novgorodskaya #93, 310145 Kharkov, Ukrainepf the dust grain, aneé>0 is the magnitUde_Of the electron
electronic mail: ostrikov@tp1.ruhr-uni-bochum.de charge. The charge number on the grap, is assumed to
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be negative and constant, i.e., we neglect the effects of grain  n,,(1)0;

charging that have been of recent intef@sthe case of posi-
tively charged dust grain&Z(>0) is also briefly considered.
The linearized equations for the wave motion are

VXE= B 1

- E! ( )

VX B= poe(NjgVi—NegVe), 2
1

V-E=—e(n—ne), €
€0

(9Vi

miﬁze(E"FViXBo), (4)

0:E+Ve>< Bo, (5)

an,,

—r TV (NyoV) =0, ©

ot

whereng, andn;q are the equilibrium electron and ion den-
sities, Vg, Vi, N, andn; are the electron and ion velocity
and density perturbationg, andB are the electric and mag-
netic fields of the wave, respectively, and the subscsipt

=eg,i corresponds to electron or ion components(1-(6),

the electron inertia and displacement current are neglétted.

From (1)—(6), one can easily obtain fd8,;, E,;, and
E; the following equations:
By,
2 —Kk{B=0, (7)
Eyi_a)pi(j)QiG'j X +ky§]ZBZJ ’ (8)
i O')Ey] w Qi
Xi— v - ~B;, 9
! ky X kyVAj wpi(j) ]
where
Kj2= ki— inZO'j /Vij , (10

andVpj=cQ;/wyi(j) is the Alfven velocity, wpi(]) is the
ion plasma frequencyg; = w(1— Q&1 0?)/(QF - 0?), §
=l—5j(1—w2/Qi2), and &;=ngo(j)/nio(j) is the propor-

tion of negative charge carried by electrons in the dusty

plasma. In the absence of dus,=1. Here,j=1,2 corre-
sponds to the plasma layer considered.

Ill. SURFACE WAVE SOLUTIONS

We look for solutions of7) in the form
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Q
=— Kt kyzflv

O
( Ko+ky—&, (13)

Nio(2)o>
which together with10) gives the dispersion relation of the
SWs.

We consider the case when the plasma is highly struc-
tured, i.e., when the densitiag, in both plasma regions
differ significantly from each other. Namely, fam(2)
>n;o(1), EQ.(13) reduces to

Equating the squares of the;’s from (10) and (14), we
obtain

022 w?Q?
( - —fl) ( S T
w Va(Qf = 09)

The solutions of15) yield the SW dispersion relations, pro-
vided that the coefficientg; and «, are real and positive.
Setting the first bracket fL5) to zero gives

(15

w=0&,, (16
which leads to a solution
w=Qm=Qi(l—51)/51, (17)
1/2
, QNE-8)
Ka=| Ky~ o o (18)
VAZ(l_ §1)

and k;=k,. This SW mode(mode 1 has the featurer;
=0, i.e.,B=0, andE,#0.

In the absence of dust(=1), the modg17) vanishes.
If 6;=6,, i.e., the proportion of electrons is the same in both
regions, ther¢;=¢, and from(18) it follows that x,=Kk, .
The solution is then a valid SW solution with amplitudes
decaying on both sides away from the interface. If, however,
£1>¢,, it follows from (18) that there is a value df, at
which k,=0 and the SW solution ceases to be valid. It is of
interest to note thaf),, is the cutoff frequency for the right
hand circularly polarized wave propagating parallel to the
magnetic field in a uniform dusty plasma. Another apparent
solution of (16) is w=€;, however in this case;=(26;
—1)/Q;, and(10) and(14) cannot both be satisfied, so this
solution is extraneous.
A second solution of15), obtained by setting the second
bracket to zero, is given blg,= wQ;/Va,(Q7— w?)Y2 or

(2%

w=0); (1+a2)1/2’

(19

wherex; is given by(10) and we definer=Kk,V,;/Q;. The

inverse skin depths can be expressed as

j = 2\1/2
B,j= oA extl(— 1) k;x], (1D) K1 =Kyga(1+2a®) ™ (20
~iV , Q | ko=kf1-r 11— E(1+a )2 (21)
By = oy TV TR 6 A (= DGXT wherer—nig(1)/n;o(2). This mode(mode 2 has the fea-

12

which describe SW fields decaying in both regions awa
from the interface. Using the boundary conditioks,
=E,, andB,;=B,; at the interfacex=0, we obtain

ture E,=0 and B,#0. For the caseng(2)>n;o(1), we
find that x3>0, and mode 2 can exist as a SW, onlyif
y>§c, where

(c=al(1+a?)'?, (22)
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FIG. 2. As for Fig. 1, but withr =0.5.

FIG. 1. (a) Normalized surface wave frequency for density rati0.01,
plotted against the normalized wave numberk,V, /€ . Solid curve for
85,=0.85, dotted curve fob;=0.9, dashed curve fof;=0.95. (b) Corre- L . - .
sponding normalized inverse skin depth in the lower density plasoma. wave is in mode 2 for smalk, with  given by (19), until

Corresponding normalized inverse skin depth in the higher density plasma@~ &1. From(20) and(21), the inverse skin depths for mode

2 are
kyé kyé
~ YL ~ Y51
which also defines a critical value far, namely, ki~ =~ and k; (172, (24)
1- 6, for small «, in agreement with the numerical results. For

(23 >¢,, the wave is in mode 1, with the asymptotic frequency
w%Qiglwﬂm y and K17~ K2%ky .

For a smaller density difference between the two plas-
mas, the analytic solutiond7) and (19) may no longer be
valid. However, numerical solution&ig. 2) for r =0.5 show

’ the same overall qualitative dispersion characteristics as the
large-density-difference case of Fig. 1. The major difference
is that the frequency is reduced by roughly the density ratio.

Ac

T (28,-1)¥

such that mode 2 exists onlydf< «. . For smalle, we have
ac~§;.

In the limit of zero density, i.e., a vacuum, in region 1
Va1 — formally, andx,; =k, from (10). Also a—, and so
the SW must be in mode 1 with frequen€y,. This result
can be verified from the SW dispersion relation for oblique
propagation on a surface separating a dusty plasma and
vacuum, in the limi,= 0.1 Thus mode 1 is associated with
a very low density in region 1, and the existence of the SW  We emphasize that the SWs considered here, which are
in mode 2 depends on a non-zero density in region 1. Thusompressional waves propagating transverse to the magnetic
care must be taken in assessing the validity of the analytifield, exist only in dusty plasmas and differ significantly
solutions(17) and (19) for non-zeron;p(1). In fact, a nu-  from the usual obliquely propagating compressional and ki-
merical solution of(13) for a range of small but nonvanish- netic Alfven SWs. For low frequenciese<Q?, but still
ing values ofr reveals that only one SW mode exists for a satisfyingw>y), provided the density in region 1 is not
given value ofa. For &;<&; [very low densityn;o(1)], the  too low, the perpendicularly propagating surface wave is in
wave is in mode 1, while fo€;> ¢, the wave is in mode 2. mode 2, withw=k,Va; and k;=Q;(1—351)/Va;. In the
Figure 1 shows the SW frequency normalizedXg and the absence of dust§;=1), this mode does not exist since the
corresponding inverse skin depths normalizedkjo as a wave field is not localized in region 2a(—0, and K%
function of «, for r=0.01 and§;=0.85, 0.9 and 0.95. The <U0). As the frequency increases, the resulting wave pertur-
corresponding values @f are~0.15, 0.1, and 0.05, respec- bations are in mode 1, with an upper limit frequen@y,
tively. We have assumed for simplicity thé= §,. For the  (17), for low density in region 1. The existence of this mode
small values ofa considered her&.~a. We note that the is also possible only in the dusty plasma. For a low density in

I\?. DISCUSSION AND CONCLUSIONS
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region 1, the limiting frequency can be of the ordehffor  ized. In the presence of charged dust, which can account for
small §;. Indeed, we note that for solutiqii7) to be valid, a significant part of the negative charge of the plas@ia (
the electron proportion in plasma 1 cannot become too smalki1), the mismatch of the electron and ion number densities
Otherwise, the frequency may become much larger fhan leads to a difference in their respective Hall curréfitin
and the effects of electron inertia neglected1)—(6) may  this caseg,, is finite and the ratic,,/€,, becomes signifi-
come into play. cant foro<<€);. The skin depth is thus reduced, i.e., the dust

The conclusion on the impossibility of the existence ofparticles lead to an improved localization of the electromag-
cross-field SWs in the dust-free case also follows from thenetic field near the interface, as is apparent from the inverse
analysis of SWs on a dust-free plasma-vacuum interface faskin depths shown in Figs. 1 and 2. The reduction of the SW
a frequency range covering the ion cyclotron frequeficy, skin depth in plasma 1 due to the dust is characterized by the
and also by settingk,=0 in the dispersion relationy factory=Qi2§1/w2, which can be large for low frequencies
=Vak [ (K3+2K3)/(K+KZ) ]2 for surface waves in the (w?<Q7). Similar improved localization occurs for
low-frequency <(;) dust-free casé’ The presence of impurity-containing or non-neutral plasmas.
dust makes the localization of the field in region 2 possible  An interesting physical feature of oblique Alfv&SWs is
(k3>0) and, as will be shown below, improves the field that of local Alfven resonancé'* To briefly discuss this
localization in the more rarefied region 1 by strongly affect-problem, we refine the sharp boundary model by inserting a
ing the skin depth(20). However, the frequencyl9) and, transition layer —a<x<a in which ng=ng(x), where
hence, the phase velocity of the SWs at low frequdnayde  ng;(x) is a suitable density profile. The condition for local
2) are dust density independent. Alfvén resonance is that thecomponent of the wave num-

Furthermore, we see frofi4) that for cross-field propa- ber goes tae, and the SW energy is converted into the shear
gation of SWs in a plasma with negatively charged dustAlfvén wave. We see that sin¢@0) does not contain sigu-
grains, only solutions with positive wavenumbercan ex-  larities, this cannot occur for perpendicular propagation.
ist. That is, SWs can only propagate across the external magforeover, the shear Alfwewave does not exist ik,=0.*
netic field in the positivey direction. We can also consider Thus the compressional Alfmesurface wave discussed here
positively charged dust grainZ{>0 and 5>1), such as can propagate undamped by local Alfveesonant absorp-
may occur in a plasma with strong radiative photoionizationtion.
of the grains. In that case, the same SW solutions are found To conclude, we have found that the existence of low-
as for the negatively charged grains of the saf¢, and for  frequency compressional Alfnecross-field flute-like SWs is
the samdky|, but for k,<0. This reflects the nonreciprocal possible only in the presence of charged dust particles.
nature of waves in dusty magnetized plasmas, i.e., the disfherefore, the detection of such low-frequency waves in
persion characteristics of the forward and backward propahighly structured inhomogeneous plasmas can imply the
gating waves differ from each other, with negat{pesitive presence of charged dust. The SW properties investigated
dust introducing a cutoff in the rightleft) hand polarized here can be used for the diagnostics of dusty plasmas. For
wavell1? |n fact, for SWs propagating at an angle to the example, the SW field structure and dispersion properties can
external magnetic field, nonreciprocity is strongest for thebe used to determine the dust density. On the other hand,
case considered here, namely, wkh. B,. On the other since dust grains and sharp interfaces occur in many space
hand, low frequency Alfie SWs in a dust-free plasnfa, and laboratory plasmas, study of the low-frequency SWs can
which propagate obliquely t8,, are bidirectional. lon cy- be useful in understanding the formation, evolution, and
clotron effects in a dust-free plasma also introducephysical properties of the plasma structures.
nonreciprocity%-16
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