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Magnetic-curvature-driven interchange modes in dusty plasmas
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The magnetic-curvature-driven interchange mode instability of a weakly inhomogeneous dusty
plasma is rigorously investigated. It is shown that the electric drift convection of the equilibrium
dust charge density is a stabilizing factor for long wavelength interchange modes. In a fully
nonlinear regime, the finite amplitude interchange modes may self-organize in the form of a dipolar
vortex. The present results should be useful in the understanding of the properties of the interchange
mode turbulence in nonuniform magnetized plasmas containing charged dust partick)4©
American Institute of Physics[DOI: 10.1063/1.1640641

I. INTRODUCTION interest in understanding the properties of low-frequency
electrostatic oscillations and their excitations in plasmas that
The magnetic-curvature-driven interchar@ete) mode  are contaminated by high-Z impurities or charged dust par-
is a low-frequency @<w;) unstable oscillation of a non- ticulates. The presence of charged dust particulates gives rise
uniform magnetoplasma, which is driven by the combinedto new dust-associated electrostatic and electromagnetic
action of the plasma density gradient and the curvature of themodes in magnetized dusty plasmas as shown in Ref. 7. The
magnetic field line. The interchange mode instability origi-latter are composed of electrons, ions, and highly charged
nates from the difference between the curvature drift velocimassive dust grains. Dust grains in plasmas are typically
ties of the electrons and ions, which in combination with acharged negatively due to the collection of electrons from the
density perturbation leads to charge separation. In the flutambient plasm&? but under UV radiation dust can also be
limit (i.e., k,=0), electrons cannot cancel this charge sepacharged positively®
ration, leading to the development of an electric field perpen-  For the case of a straight magnetic field line geometry,
dicular to the magnetic field direction, that amplifies the ini- Shukla and Varma in Ref. 11 showed that f& B convec-
tial perturbation which becomes linearly unstable.tion of the equilibrium dust charge number density leads to
Rosenbluthet al* showed that the diamagnetic drift effect the appearance of a dust convective cell mipdeaich is now
influences the flute instability and under certain conditionknown as the Shukla—Varm&V) modg in a nonuniform
may lead to the plasma stabilization. The interchange instgslasma, since here the divergence of B particle flux is
bility tends to interchange “flux tubes” of different pressure finite. In a later work'? the same authors studied the dusty
causing convective transport and is considered to be one @lasma dynamics in the presence of a gravity force and re-
the most dangerous instabilities in thermonuclear fusion maported that the dust gravity force may give rise to a
chines and especially in the mirror machine. It is expectedRayleigh—Taylor(RT) type dust instability, while Birk in
that any additional factor which influence the difference be-Ref. 13 determined the onset criteria for the RT instability in
tween the perturbed drifts of electrons and ions over the flute configuration where a heavy partially ionized dusty plas-
perturbations will considerably affect the plasma stabilitymas is supported by a lighter one.
(see, for example, Ref.)2 Previous investigations on the interchange mode insta-
The nonlinear evolution of the convective flute instabil- bility in a dusty magnetoplasmia!®adopted the concept of a
ity may give rise to the formation of a random set of solitaryreal or effective “gravitational” field which drives the insta-
two-dimensional dipolar vortices as shown in Ref. 3, whichbility. This description may be suitable for the ion RT mode
propagate across the external magnetic field direction. These dusty plasmas but not for the magnetic-curvature-driven
vortex structures may enhance cross-field plasma particlemterchange mode since it neglects the electron curvature ef-
transport, similar to convective cells in neutral fluids. How- fects which are of the same importance as that of ions for
ever, recent studies which have been focused on the generbis~T; (see, for example, Ref. 16We may refer, for in-
tion of large-scale zonal flows by the interchange mode turstance, to Ref. 6, where the interchange instability is consid-
bulence(see, for example, Refs. 4},&how that such flows ered to be driven solely by the electron curvature drift.
may inhibit the radial transport in a magnetized electron—iorHence, the previous descriptidfis®have to be reconsidered
plasma. to account for the magnetic-curvature-driven interchange
During the last decade, there has been a rapidly growingflute) instability in a systematic manner.
To the best of our knowledge, there has not been any
dpresent address: Section of Astrophysics, Astronomy and Mechanics, Or!gorous study of the mterChange mode InS.tab'IIItY N honuni-
servatory, Department of Physics, Aristotle University of Thessaloniki,'OfM dusty magnetoplasmas driven by the intrinsic curvature
54124 Thessaloniki, Greece; electronic mail: sandberg@astro.auth.gr ~ 0f the magnetic field configuration. Since the presence of
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charged dust particles introduces new wave mddeg, the €Zq(X)Ngo(X)  Nip(X)  Neo(X)
Shukla—Varma modein a nonuniform magnetoplasma, we L, = L, - L, (1)
expect that it will also influence the growth rate and thresh-
old of the interchange mode instability. This consideration isPust charging effects and temperature inhomogeneity will be
of particular interest to spateas well as to magnetoinertial heglected.
and magnetically confined fusion plasmas where charged To describe flute-like perturbations, we use the two-fluid
dusty particulates are frequently encountefedience, a Mmacroscopic equations for the electrons and ions, i.e.,
corr_1p|ete knowledge of intgrchange modg turbulence and as- aNj+V-(N;V})=0, )
sociated transport properties of a nonuniform dusty magne-
toplasma is of practical importance to both cosmic and labo2nd
ratory environments. o ijj(o'?t-i-Vj'V)Vj:Nij(E+VjXB)—VPj—V'Hj,

In the present paper, the electrostatic interchange mode 3
instability is studied by considering rigorously the magnetic

curvature-driven effects in the dynamics of both ions an - . .
ave assumed a collisionless magnetized plasma while the

electrons. Furthermore, looking for linear and nonlinear . . i ) . .
scosity tensofl! contains only gyroviscosity components.

wave phenomena on a timescale much shorter than the d \S -
plasma and dust gyrofrequencies, we ignore the dynamicsLi a strong magnetic field, the components of the tensor are
’ given by

massive dust grains. However, since the presence of immac*

bile charged dust grains gives rise to a finite value ofEhe 1 P;

X B particle flux in a nonuniform magnetoplasma, we expect ~ 7Txx= ~ Tyy= 7 5 w_Cijy

that it will also affect the interchange mode instability. Here,

E is the electric field perturbation ariglrepresents the inho- and

mogeneous external magnetic field. 1
The manuscript is organized in the following fashion. In Txy= Tyx= 7

Sec. Il, we derive a system of two coupled nonlinear equa-

tions which governs the dynamics of interchange modes in wherew¢;=q;B/m; and the rate-of-strain tensor for the case

nonuniform dusty magnetoplasma. The linear instability ofunder consideration can be written in the form

these modes is examined in Sec. lll. Possible stationary so- N oV

lutions of the nonlinear equations are presented in Sec. IV. W, - B

We find that both the polarity and the speed of an inter-

change dipolar vortex are altered when charged dust comp®iowever, in the limit of inertialess electrons the left-hand

nents are present in an electron—ion plasma that is nonunside in Eq.(3) for j=e is zero, and1¢=0. In what follows,

form and magnetized. Section V contains conclusions angve consider a flute typed(<V,) electrostatic perturbation

discussion. (i.e., E= =V, ®) of a low-B8 plasma with the frequency

much smaller than the ion gyrofrequency, i@ w; . Here,

B is the ratio between the plasma kinetic energy and the

magnetic energy. By separating the velocity and density in
We consider a weakly inhomogeneous dusty plasma oEgs. (2) and(3), into their equilibrium and perturbed parts,

slab geometry immersed in an external curved magnetic fielgliz., V;=v;o+V;, N;=n;o+n;, we express the perpendicu-

B=B(x)b. The magnitudeB(x) and the direction of the lar component of the electron fluid velocity & .=Vpe

magnetic field can be written &(x)=By(1—X/R) andb +vg, where the diamagnetic and electric field drifts are,

=2—(Z/IR)X, respectively, wherdrk describes the effective respectively,

radius of curvature of the magnetic field lines.

ith the scalar pressure given B=N;T;. In Eq. (3) we

(Wxx_Wyy)v

i
wcj

=24 £
B oxg X,

Il. MODEL EQUATIONS

At equilibrium, we have  njp(X) =ngy(X) Vi :msz +Vp;
+eZy(X)ngo(X), wheren,q is the unperturbed number den- q;N;B
sity of the particle speciels(l equalsi for ions, e for elec-  gnd
trons, andd for dust graing e=1 for negatively charged

dust, e=—1 for positively charged dust, and;>0 is the v :b><V<I>.
dust charge. The unperturbed profile of the charge density of E B

the j=i,e plasma species is assumed to be of the formpyg herpendicular component of the ion fluid velocity is de-
Njo(X) =Njo €XP(=X/L;), with the characteristic inhomogene- o mined using an iterative method based on the smallness of

ity scalelengthL; being smaller than the curvature radius ihe frequency of the perturbation with respect to the ion gy-
IL;j|<R/2. In the following, we will consider for the ions rofrequency, and is of the form

thatL;>0, viz. n/ (x)<0. The characteristic inhomogeneity
scalelength of the dust charge densitylgy V,i=Vpit Vet VpitVai, 4
=d In[Z4(X)ng(X) /dx comprises both the dust charge and the\yhere the ion polarization drift is

dust density inhomogeneities and can be given in terms of

the equilibrium plasma densities and inhomogeneity scale v :m_ib
lengths by P eB

X

J
VY|V,
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and the ion drift velocity due to the stress tensor reads

b
) GV'(ZdndovE):EVE'V(ZdndO)+GZdndO VXE Vo,
bxV-II'

Vai= O NB ®

q;N;B _ L .
I which includes both the dust charge density inhomogeneity
Considering quasineutral perturbatiomss(n.=n;), we ob-  and the magnetic curvature effects.

tain fromV-[n(v;—v,)]=0 the following equation: Using the relationV X b/B=—2/(ByR)¥y, we substitute
(6) and(7) into Eq. (5) to obtain
Vg'vn‘f'niOvJ_‘(Vpi+V7Ti)+EV'(ndodeE):O. (5)
1/9 T d\_, 2Ton
The first term in Eq(5) describes the difference between the E - m @ TP+ Re W
curvature drifts of ions and electrons, and is given by
2 oD
T,+T b + fzdndo( )
Vg'Vn:nioV‘VDi_ne()V'VDe: I € VXE -Vn. R L ﬁy
© Ld.v{vlqa n}+ i{v%p o). ©
eBynjpw;

This is the responsible term for the development of the in-
terchange instability and in various treatments, e.g., Ref. 15This equation combined with the electron continuity equa-
it is modelled by a gravitational drift term caused by a fic-tion for an inhomogeneous plasma immersed in a curved
tional “gravity” force which is inserted in the fluid equation magnetic field

of motion for the ions. However, since the curvature drift of
electrons can be of the same order as that of ionsTfor J 2Te 0 Deo 1.2 a(b ! n,®} (10
lonsTto BReay " B, \L. R 7y B, P (10

~T,, we have included both of these effects in our consid-
eration. forms a closed system of equations. Harés the sum of the

In the second term of Ed5), we can derive an analytic electron and ion temperatures. The system of Egsand
expression for the perpendicular component of the ion fluid10) generalizes for dusty plasmas the description of the in-
velocity provided that the velocity components;, v,; can  terchange mode instability including rigorously the mag-
be regarded as small corrections with respecstztandVp; . netic field curvature effect. Through the next sections, we
This is true for slowly varying perturbationgompared to normalize the electrostatic potential By/e, the length by
w¢j) With characteristic wavelength in the perpendicular di-the ion Larmor radiug;=vt;/w;, the time byw.;, and the
rection much shorter than the length scale of the backgroundensities(temperatureswith respect to the ion density;
guantities(WKB approximation and much larger than the (temperaturd;). However, we keep, for simplicity, the same
ion Larmor radiugfluid approximation. Hence, we evaluate notations as before.
the convective nonlinear terms and the velocitigsandv

to the leading order by setting,;—Vp;+Vvg, B—Bg and |1, INTERCHANGE INSTABILITY IN DUSTY PLASMAS
b—2. In the limit of long wavelength perturbations, viz., . )
pisz<1, with piZVL<Rw/wci the second term in Eq5) Assuming small perturbations of the formn,(b)

~exp(—iwt+ik,-r), we linearize the system of Eq®) and

(10) by discarding the nonlinear terms in the right-hand side.

Fourier transforming the resultant equations and combining
[ZX(ve+Vp i)]] them, we obtain a quadratic dispersion relation which has the

following normalized(by ;) solution:

can be written in the form

19
VL (Vp|+Vm) VL( @ (é,t"_VE'V
ci

1 oV, ® )
T wuBe | at 0= z[wsygt @it @pe
* J(wsygt 0y i~ 0pe)*— 4wsyewp]. (11
eBo 0 {Ni, V. @)+ O{CD’VL(D}]’ Here we have introduced the notations
" ® -=—&<0 o) -=2kyTj>0
* i L ' Dj R )

where{f,g}=2XxVf-Vg denotes the Poisson bracket the
Jacobian As one can see the convective diamagnetic contri- keeZno(1 2
butions are exactly cancelled by the stress tensor contribu- wsw:T(f_ ﬁ),
tion. This well known result is justified from the fact that L :
diamagnetic drift is not a particle drift and thus cannot trans{for the normalized ion diamagnetic drift frequency, the cur-
fer any information by convectioffsee, for example, Ref. vature drift frequency and a generalization of the Shukla—
16). Varma (SV) frequency(with €Z,=1) in the presence of a
The last term in Eq(5) appears due to the presence of curved magnetic field, respectively. In the absence of curva-
charged dust particles in a nonuniform magnetoplasma, andre effects(viz., R—»), Eg. (11) gives a stable mode with
it describes the electric field convection of the equilibriumfrequency given by the sum of the ion diamagnetic and SV
charge density of the dust. It can be written in the form  frequencies, i.ep= wgyy+ w, ;. Equation(11) recovers the
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well-known criterion for the interchange instability of an The spectra of unstable convective flute modes in a
electron—ion plasma when dust is absenl\( (=0, wsye  dusty magnetoplasma are now given ky_ <k, <k, .,
#0) and when the ion diamagnetic drift dominates over thevhere

electron curvature drift. However, in the presence of charged 7

dust grains and a curved magnetic field, Bld) describes an K2 = K2 ( 1+ /1_ kimaX) (15)
unstable dust interchange mode only when the electron den- e o kfo ’

sity varies as the ion one, vid.>0. In what follows, we

and
will consider thatL.>0, noting that the inhomogeneity )
scalelength of the charge density of the dugtcan acquire > |4Tng (1 2 1 2Te\ |1 2Te| "
. . kKio=|——|+——35|+fdl — = |||+ =] -
both signs according to Eql). R \Le R L; R Li R
Provided that the instability criterion holdsy@gyewp (16

=|wgygt 04— wpe|, the frequency of the dust interchange

m(_)de will be given by half of the sum of the ion diamagneticpresence of(negative or positive charged dust particles
drift, the electron curvature drift and the SV frequency.  |eads to the suppression of interchange modes with large
The source of the interchange mode instability is thevvavelength,kl<kl_. The width of the spectra, defined

Contrary to the electron—ion plasma case where=0, the

difference in the curvature drifts of ions and electrons, which, g byAk?=k? , —k2 _ is given by

in combination with a perturbation leads to a charge separa-

tion. In the flute limit, electrons cannot cancel this charge 2_8Tneo<i_ E)(i ﬂ)_z

separation, leading to the development of an electric field L R \L, R/\L; R

perpendicular to the plane of the density gradient and mag- —

netic field. X\/Hﬁi(i_ﬁ)(iJrﬂ) an
However, the electric field EXB) convection of the 2 Tneplle R/\L; R ’

equilibrium dust charge densifgf. Eq. (8)], modifies essen-

tially the in;tability thres_hold, _the frequency and the grOWthgrains since it is proportional to the electron density
rate of the interchange instability. =1— eZyngo.

Arigorous analysis of the dispersion relation shows that | Fig. 1, we plot the normalized growth ratepper
necessary condition for the development of the interchangﬁane) and tr;e real frequencylower panel of the inter-

instability in dusty plasmas is change mode vs the normaliz&d for different sign of the
ATng( 1 2\(1 2T\ *! dust charge density but for equal inhomogeneity scale

and it is expected to be wider in the presence of positive dust

. RIL + R (12) lengths. We see that the presence of charged dust suppresses
€ : completely the long wavelength modes with<k, _, lead-

where the parametéf 4| <1 is defined through ing to the appearance of a finite critical valkie,,, Which

1 9 corresponds to the wave number of the most unstable flute

—_Z ] mode. When the charge inhomogeneity scale lengttsof

La R Lq all the plasma species are equal, the growth rate and the

In absence of dust grains we hafjg=0, otherwise we can Width of the spectra of unstable interchange modes is higher

have both positive and negative values fgrdepending on  in Presence of positive dust graing< —1) compared to

the density profiles of the ions, electrons and the dust chargdat in presence of negative dust graigs=({1).

density. In the upper panel of Fig. 2, we present the normalized

Provided that the inequalitii2) holds, the fastest grow- 9rowth rate vs the normalized, for different values of

ing dust flute mode occurs for the perpendicular wave numbegative dust charge density by keeping the same inhomoge-
ber neity scale length for all the species. However, in the lower

panel of the same figure we plot the normalized growth rate

€ZgNgo

fq=€Zgngo

g2 i+ﬂ 2 13 by keeping fixed the ion inhomogeneity scale length and
Ltmaxctdl R ’ choosing various combination for the dust charge density and

. the rest inhomogeneity scale sizes which satisfy(EgAs it

and hagmaximum growth rate was expected from Eq$13)—(16), the growth rate and the
5 . 2T(1—€Zgnge) [ 1 2 spectra of unstable_ interchange modes depend significantly
Ymax=Sin* 0 — rR LR on the density profiles of the plasma species and the dust
€ charge.
fal—fa/ 1 2T
- | d| d(_ + _e) (14)
2 L; R IV. INTERCHANGE DIPOLAR VORTICES

Here, 6 denotes the propagation angle with respect to the  The nonlinear terms in the left-hand side of E(.and
x-axis of the plasma inhomogeneity. It is also interesting to(10) are expected to convert the dust-interchange perturba-
note here that the real part of the frequency of the mostions into an array of localized vortices which flows across
unstable interchange modeds, .= wp(K may iN dusty plas-  the magnetic field in a similar way as in an electron—ion
mas Withfy>0 andwma=, (K may) in dusty plasmas with plasma’ In what follows, we consider without loss of gen-
f4<<O. erality thatR>| L; |. Seeking for a steady state solution of the
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FIG. 1. The normalized growth ratepper pangland normalized frequency ~FIG. 2. The normalized growth rate of the flute unstable mode vs the nor-
(lower panel of the flute unstable mode vs the normalized perpendicularmalized perpendicular wave numbé. For different dust charge densities

wave number for different dust charge densiti@:eZyngo=0 (solid line, ~ and fixedL4=30 (upper pang| (a) eZgngo=0 (solid line), (b) eZ4nqo
(b) €Z4ngo=0.3, negative charged dusgtiashed ling and (c) e€Zyngo =0.3 (dashed ling and (c) €Z4nyo=0.6 (dotted ling. (ii) For different
=—0.3, positive charged dustiotted ling. The other parameters are kept charge inhomogeneity scale lengttiswer panel; (d) €Zgng=0.2, Lq
fixed: T,=10, R=100, L,=30, and = /2. All normalizations are ex- =Le=30(solid line), (€) €Z4ngp=0.2, L4=—42, L.=21 (dashed ling (f)
plained in the text. €Zygngo=—0.2, L4=8.4, L,=21 (dotted ling. The other parameters are

kept fixed: Te=10, R=100, L;=30, andf#==/2. All normalizations are
explained in the text.

above system of nonlinear equations which describes a per-

turbation travelling across the magnetic field, we consider

s_olution/s of the /fgrmd)(x,y,td)=¢>£x,y’) and.n(>r<],y,t) for the inner and outer regions, respectively. Hekg(pr)
=n(x.y"). Here,y’=y—Ut andU (—constant). IS the vor- 54 Kn(sr) are the Bessel and Hankel functions of théh
tex translational speed. Furthermore, employing a polar co

. o - order. The vortex solution is finite and smooth through the
ordinate system withr=yx“+y'%, §=tan(y'/9], and  (y vy plane, and describes a pair of vortices with opposite
working in an analogy with Ref. 3, we divide tlxe-y’ plane

) . _ . X polarity propagating with spedd along they direction. Us-
into an inner (<ro) and an outer regiom&ro). ASSUMING i, ¢ (1), we find that the condition for the existence of the

a linear relation betweenn and @ ‘we obtain N ginolar vortex solution can be written in the form
=(Ngg/U'Le)(1—2L./R)®, whereU'=U—-2T,/R, from

the normalized form of Eq(9), which allows us to rewrite 2T 1 1\ -1
the vorticity Eq.(8) in a compact form. We then seek for a §2= W(L__fd) —fqll U+ C >0, (19
solution ® which is continuous at=r, up to second order i i
derivative and vanish at infinity. Following standard .
procedure$®-?>we then obtain the dipolar vortex solution where the rest of the parameters are determined by
Dy(r,0) s, ulpn 0 (U+ 1) 1+ ! f ) -
r0)=—-——-———-0ryCO0S = - —|=—
! p? J1(pro)  ° 0 L/7 ol
s? Ja2(pro) p Ka(sro)
+| 1+ vrcosfd for r<ry, and =—= . 20
p? 0 J1(pro) s Ky(srp) 29
Do(r, )= Ky(sr) vrocosd for r=r, (18 An analysis of Eq(19) reveals thaU is restricted by the
Ky(sro) following intervals:
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dust charge and on the density profiles of the plasma species.

U<- L or The nonlinear evolution of the convective dust-flute instabil-
I . N .
ity may lead to the formation of a dipolar vortex whose
2T, 2T 2 properties are different from those in an electron—ion plasma
MM RRLf, R without dust. The present results should help to understand

the properties of low-frequency interchange mode turbulence
<U<max ﬂ 2T 2 21) and associated coherent structures in cosmic and laboratory
dusty plasmas containing nonuniform magnetic fields and

R 'RLfy R
in dusty plasmas withi4=0 and within equilibrium density inhomogeneities.
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