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

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

AI P I Physics of
Plasmas

A class of stationary nonlinear dusty plasma equilibria

R. T. Faria Jr., Tahir Farid, P. K. Shukla, and P. H. Sakanaka

Citation: Physics of Plasmas (1994-present) 6, 2950 (1999); doi: 10.1063/1.873542
View online: http://dx.doi.org/10.1063/1.873542

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
Dust acoustic solitary waves in a magnetized electron depleted superthermal dusty plasma
Phys. Plasmas 20, 033704 (2013); 10.1063/1.4796195

Nonlinear dynamics of electrostatic ion-temperature-gradient modes in a dust-contaminated plasma with variable
charge and sheared ion flows
Phys. Plasmas 13, 082302 (2006); 10.1063/1.2231630

Nonlinear drag force in dusty plasmas
Phys. Plasmas 12, 112311 (2005); 10.1063/1.2130312

Erratum: “A class of stationary nonlinear dusty plasma equilibria” [Phys. Plasmas 6, 2950 (1999)]
Phys. Plasmas 6, 4129 (1999); 10.1063/1.873723

Nonlinear interaction of a high-power electromagnetic beam in a dusty plasma: Two-dimensional effects
Phys. Plasmas 6, 762 (1999); 10.1063/1.873314

- LEARN MORE »

The Multiphysics
COMSOL : :
CONFERENCE Simulation

20/4BOSTON

Event of the Year

H COMSOL



https://core.ac.uk/display/296700152?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-37/1226443648/x01/AIP-PT/COMSOL_PoPArticleDL_092414/COMSOL_Conf_BOS_1640x440.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=R.+T.+Faria+Jr.&option1=author
http://scitation.aip.org/search?value1=Tahir+Farid&option1=author
http://scitation.aip.org/search?value1=P.+K.+Shukla&option1=author
http://scitation.aip.org/search?value1=P.+H.+Sakanaka&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.873542
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/20/3/10.1063/1.4796195?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/13/8/10.1063/1.2231630?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/13/8/10.1063/1.2231630?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/12/11/10.1063/1.2130312?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/6/10/10.1063/1.873723?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/6/3/10.1063/1.873314?ver=pdfcov

PHYSICS OF PLASMAS VOLUME 6, NUMBER 7 JULY 1999

A class of stationary nonlinear dusty plasma equilibria

R. T. Faria, Jr.,% Tahir Farid, P. K. Shukla, and P. H. Sakanaka®
Institut fur Theoretische Physik IV, Ruhr-UniverditBochum, D-44780 Bochum, Germany

(Received 29 January 1999; accepted 22 March 1999

It is shown that nonparallel density and temperature gradients can produce magnetic fields in dusty
plasmas. Spontaneously created magnetic fields can be maintained if there exists plasma vorticity.
In order to understand this phenomena, a self-consistent dusty plasma equilibrium model is
constructed by employing a kinetic description and invoking the Hamiltonian approach. Stationary
nonlinear dusty plasma equilibria contain specific profiles for the plasma number density, the
plasma current, and the magnetic field. The relevance of this investigation to low-temperature
laboratory dusty and space plasmas is discussed.19@9 American Institute of Physics.
[S1070-664X9901407-X

It is well known'=3 that the presence of charged dustdensity of the particle speci¢q j equalse for the electrons,
grains in an electron—ion plasma introduces novel collective for the ions andl for the dust grainsandZ, the number of
effects. The latter include dust-acousticand dust charges residing on the dust grains. When most of the elec-
ion-acoustié waves and their instabiliti€sas well as coher- trons from the background plasma are attached to the dust
ent nonlinear structuré€ New types of dusty plasma waves grains, we might encounter a complete electron depletion,
and vortex structures have been obseffedn low- leading to the overall quasineutrality conditiofp~Zgngo.
temperature space and laboratory dusty plasmas. Specifi? such a situation, the dusty plasma can be considered as a
cally, recent laboratory observations have conclusively demtwo-component system.
onstrated the formation of dusty plasma vortices without and ~ According to Faraday’s Law, the magnetic fieddin a
with magnetic fields. Dusty plasma vortices are thought to b@!asma can be generated provided that the curl of the electric

produced by sheared floWs. field E remains finite. Thus, the induction equation deter-
In this Brief Communication, we consider the generation™ines the evolution of the magnetic field
and maintenance of magnetic fields in a dusty plasma. First, 0B=—VXE, 1)

it is shown that when the equilibrium ion pressure gradient
and the gradient of the dust charge denZigp, are nonpar- Where the electric field arising from the charge separation is
allel to each other, we have the possibility of spontaneou&etermined from the ion momentum balance equation

generation of magnetic fields in dusty plasmas. Second, we vp, m
discuss a class of self-consistent dusty plasma equilibria in  E= —'—vi>< B+ —'dtvi , 2
which spontaneously created magnetic fields are related with en €

other field quantities, namely, the plasma number densitywhere p;=n;T; is the ion pressuren; and T; are the ion
the electric potential, and the plasma currents, in a nonlineasumber density and the ion temperature, respectiveie
fashion. In order to understand the stationary dusty plasmmagnitude of the electron charge, andhe ion fluid veloc-
equilibria in electromagnetic fields, we have adopted thdty. The latter is obtained from Ampere’'s Lawm,v;
Hamiltonian and guiding center approaches for the plasma=Z nyvy+ (1/eug) VX B, wherev is the dust fluid veloc-
particles and have constructed appropriate distribution funcity. Hence, from(1) and(2) we obtain

tions. The latter are then employed to calculate the plasma
number and plasma current densities. The quasineutralitﬂ}f(l_)‘
condition and Ampere’s law are introduced to deduce the m;
equilibrium density, the equilibrium potential and the sta- Z—WVDiXV(ZdndHVX(VdX B)+ 5 VXV
tionary magnetic fields. Numerical examples of various field d

guantities are worked out by choosing typical laboratory

dusty plasma parameters. The relevance of our investigation X
to space and laboratory plasma has been discussed.

Let us consider a multicomponent dusty plasma whose E)
constituents are electrons, ions, and negatively charged mjyhere Ng=Clwyq is the dust skin depth, wyq
cron sized dust particulates. In the unperturbed state, W&(zgean/deO)UZ the dust plasma frequency,the speed
haven;o=ngo+ZgNgo, Wheren, is the unperturbed number of light, and \; the ion skin depth. The origin of various
terms in(3) is obvious. The first term on the right hand-side
apermanent address: Instituto désiBa “Gleb Wataghin,” Universidade  Of (3) is the baroclinic vector for the dusty plasma, which is

Estadual de Campinas, 13083-970 Campinas, aulo, Brazil. the source for the magnetic field and remains finite when the

’v2)B

en? eZ4\3
vad—?'VZB - d
i d

VX[(VXB)XB],
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ion pressure gradient and the gradienZghy are nonparal- where u(=mv2/2w.;) is the magnetic moment. The ca-
lel to each other. The second term on the right-hand side is monical variables are gs, = [ w.dt, R, and®. It is to be
kind of Hall term (the dynamg involving the dust vorticity, noted that for ionsR and ® correspond to guiding center
whereas the third and fourth terms are associated with theoordinates andi; andR are assumed as constants of mo-
nonlinear couplings between the dust vorticity and the tion. The ion distribution function is taken to be of the form
X B flow with the ion flows, as well as with the curl of the

JX B flow, whereJ is the plasma current. The dynamo and l1(# :R.O)=Ti(H;,R)
the nonlinear terms play very important roles in the evolution NioWei 1

of spontaneously generated magnetic fields. The question :ﬁex%_f(ﬂwci"_e(ﬁ)"_g(R)}- (10

now arises as how the latter are maintained in dusty plasmas.

To answer this question, we follow Ref. 10 and present &1ere,g(R) acts in the function aR larger. It will be deter-
class of stationary dusty plasma equilibria in which themined later.

plasma density, the electric potential, the plasma current den- The ion number density and the ion guiding center and
sities, and the magnetic fields are related in a nonlinear fasinagnetization current densities can be obtained in a straight-

ion. forward manner. The results are, respectively,

Let us suppose that the dust particulate dynamics in the ed
electromagnetic fields is governed by the Hamiltonian ni=f fi(H,R)dudf=n;q ex;{?ng(R) , (12

|
- (&‘FZ eA 2+p2 ~Z4e¢ (4
" 2my| | R 7 R Fd=% MOJi=—eM0f ROfdudd
wheremy is the dust massA is the theta component of the )
vector potential,¢ the electric potential, and the canonical _ mi L dinwg; " id_‘ﬁ)
angular momentum is given by c? weq\Zge dR Zy dR
— 2,

p,=MyR20+Z,eRA (5) Xexr{?—(éJrg(R)} 12
Here, pr=my4R, andR and 6 are the radial and azimuthal !
coordinates in the cylindrical geometry. and

The corresponding dust distribution  function euy d
f4(Pa.Pr.0,R)=fo(H.p,) is found to be podn= | wtidudo

|
Zgon 1 o
fd=—2;fnd“T°dex;{—T—d(Hd+ Z—Hijp"; } (6) :_wgdi(ldlnwciJrid_cﬁ
. . CT Weqg Zde dR Zd dR

whereT, is the dust temperature ang is a constant.

It is now an easy matter to determine the number density Ti  mgagR €
of the dustny(R), and thed component of the current den- T Ze 1tagR) TN T, TIR)|. (13

sity J4(R). We have
1ty Ja(R) v The first and second terms on the right-hand sid€L8f

correspond to th¥ B andE X B drifts, respectively. We have
also usedR#=(JH/4R)/eB and the quasineutrality condi-
tion for the two-component dusty plasma.

fq
Ng= J Eddepa

ZgoNdo , o o ]
:W .Amper_e s Law for the vector potential in cylindrical co
(1+ayg ordinates is
y 1| agZ3e’R?A? , . 1d/{_d A
ex T, 2my(1+ agR®) dee ||, (7) 2 dr| RGrA| ~me= Mol (14)
ROf4 whereJ;=J;+ Jg+ Jp,.
Hodg= mo€ f —Rr_9PrAPs The magnetic field is given by
:_w_gd agR*A R ar (RA=B. (15)
¢ (1+ agf)?

At the time, when a vortex is setup, the centrifugal force

) of the dust should be balanced by the pressure gradient. The
self-generated magnetic field should be zero wRen«.

Jhe value of density at the heart of vortex is reduced and
varies asn(#0) at R—o. When [B|..—0, A should be
ebounded there. Then, applying the quasineutrality condition
and the potentidl| ¢|..— Tq/(2Z4€)In(1+ agR?)], we readily
Hi=upwst+ed, (90  obtain

1| agZ3e’R?A? .
X e
s I A T

Next, we suppose that the Larmor radius of singly charge
positive ions is much smaller than the scale size, and ther
fore, use the guiding-center Hamiltonian for the ions
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g(R)z%In(lnLadRz),

where n4=T4/(Z4T;). Hence, the density and the potential
assume the form

. na agZie’R?A? 6
dnd_ni_no Xy~ l+ Nd Zded(1+ Gdez) ! ( )
and
P 11t agR?) + a2, R
T 2 d 1+ 74| 2mgT4(1+ agR?) '(17)

By substituting(8), (12) and(13) into (14), we obtain
d’A 1dA A
dR "RAR R
(I)Sd 1
~ ¢? 1+ ayR?

Tq agR?A
- agR— 2
wchde 1+ adR

2.2p272
Xex4_ 1+ 77d 2ded(1+ OZdRZ) ) (18)
It is convenient to define r=Rwyq/v2c, A

=V(1+ ng)/ na\2myTo/Zge, ao=2C%ay/w5y and intro-
duce the symbols  A*=A/A,, Ag=wpg!
(weqCZg) Vg Ta/my(1+ 7g), €=r2, andu=rA*, so that
Eqg. (18) can be expressed as

d2U [275)
45 T
déc 1+agé

aou2

21+ agd) ]’ (19

u—Ad)ex;{

Neglecting the left-hand side dfl9), the asymptotic
value of its vortex solution i#\y. For this assumption the

vector potential becomes constant and the density becomes

Nd

T2t ) 20

N.=nNg exp{

log &

FIG. 1. The variation of the normalized number density(solid line) and
a proportional value of the potential @4 (dashed ling against logg for
Cl/d=3 andAd=1.
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FIG. 2. The variation of the normalized dust current density (dashed
line), the ion current density); (dashed—dotted ling the magnetization
current density,)),, (dotted ling, and the total current density, (solid line)
against logg for ag=3 andAyg=1.

We have integrated E@19) radially inwards on a loga-
rithm scale from logg=10, by choosing typical parameters
that are relevant to low-temperature dusty plasma devices.
Accordingly, we takeny~5x 10 cm 3, the dust size of 5
microns; negatively charged grains haXg~4000; whereas
the dust mass density is 1 g/émMoreover, we have taken
my~10"12g; T4~300K; T;~0.2eV; andT,~2eV. The
next three figures show examples of stationary nonlinear pro-
files for the density, the electric potential, the plasma current
density, and the magnetic fields in a dusty plasma. Figure 1
is the normalized profiles of the density and the electric po-
tential. Figure 2 depicts the normalized profiles for the cur-
rent densities)y, Ji, Jn, andJ;, whereas Fig. 3 exhibits
the normalized magnetic field. All the figures have the nor-
malized profiles as a function of 1&gy

Let us now discuss the effects of some normalized pa-
rameters on various plasma and field quantities. First, in Eq.
(19), for ap>1, we observe a decrease ©Of whereasB
practically does not chang@a comparison to the one in Fig.

03
0.25
02
B 0.15
0.1
0.05

0

102 05 1 2 d

log &

FIG. 3. The normalized magnetic fiel@, as a function of log for ay
=3 andAy=1.
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3), andJ, is dominated byl,. Second, forag>1, we have feicoamento de Pessoal de'vdl Superior (CAPES and

n—0, J;—Jg4, andB remains unchanged. Third, for<Qx Funda@ de Amparo aPesquisa do Estado dé G®aulo

<1, n increasesB decreases and; is dominated byJ,,. (FAPESB. P. K. Shukla acknowledges the support of Inter-

Fourth, whenay<1, n—ny and B—0. Finally, for 0<Ay  national Space Science InstituSSI) at Bern through the

<1, n decreases, whereas fag>1, we haven—0, B—0, project “Dust Plasma Interaction in Space.” He also thanks

and forAy<<1, we haven—ng. Professor Bengt Hultgvist for the warm hospitality at 1SSI,
To summarize, we have presented a class of stationamyhere a part of this was carried out.
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