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lon temperature gradient instability in a dusty plasma
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An analysis of the temperature-gradient-drivep) instability of drift waves in dusty plasma is presented.
Various limits that allow for the coupling of the drift wave with the dynamics of dust grains are discussed. In
particular, the cases of tinymagnetizegland relatively heavyunmagnetizeplgrains are studied. It is shown
that in both limits the behavior of thg; mode is considerably affected by the dust dynamics. The growth rate
turns out to be higher in the presence of dust, and the instability threshold is lower, resulting in a more unstable
plasma.
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I. INTRODUCTION principle one has to deal with the grain sigeas$ distribu-

There exist a number of instabilities that are associatedon, rather than taking a fixed value for the grain mass as is
with drift waves in inhomogeneous magnetized plasmasStandardly done due to the complexity of the problem. In the
Some of these instabilities are dissipative, such as the orfesent study we shall demonstrate the effect of dust grains
caused by electron-ion collisions, which results in a complexn the 7 instability mentioned above. In other words, we
dispersion equation for the drift wave. Others are due tcshall investigate some limits in which the dust and ion dy-
geometric effectgand are consequently termed as reactivenamics are coupled, resulting in some distinct plasma fea-
instabilitiey. A typical example is the instability driven by tures.
the gradient of the ion temperature, known as thastabil-
ity. Here 7,=d InT;/d Inn;, and it represents the ratio of the
temperature and density gradients. The problem of she Il. THE MODEL

instability can be treated in the framgwork of a plain sl;_ab We take a nonuniform dusty plasma embedded in a mag-
geometry. It then yields an unstable ion sound perturbatiometic field, with density gradients for every plasma species in
propagating along the magnetic field lines, which is modifiedie girection that is perpendicular to the magnetic field lines.
due to the ion temperature gradient. More complex is therpe equilibrium ion temperature is taken also with a gradient
case which includes the curvature of magnetic field lites i, the perpendicular direction. To be general we include the
so-called toroidaly instability). Details on the standard magnetic field curvature and gradient in the equations for the
theory of the 7 mode can be found in Ref$1-3]. The 5, dynamics.

linearly unstable mode grows in time so that at some point | the magnetic field is assumed to have curvature, in the

the nonlinearities become essential. That has been studi%qeady state the following relation should then hold:
recently in Refs.[4—6]. In Ref. [6] a dispersion equation

describing parametric generation of zonal flow has been de- 1 - >

rived with the complete inclusion of linear as well as nonlin- V<p0 * 2_,u080> - %(BO - V)Bo. @)

ear effects of the ion polarization drifts. . ] ] .
Dust in a plasma can modify standard linear and nonlineaf e momentum equation for hot ions gives the perpendicular

plasma modestypically when the heavy dust grains are Velocity,

taken as stationajy or induce completely new ones when

the dust dynamics is taken into account. The former case

implies that dust enters into the plasma equations 0”|)0vhere17E:I§l1><éz andux;=—Vp;; X &,/ (eByn;g). In writing

through the equilibrium quasineutrality condition; however,he above equation we use the standard drift approach
even in such a simple case a new linear mode can be deduc%dQ_ wherei=e.i andE =~V ¢,, so that the polarization
[7], which in the nonlinear limit modifies standard plasma | :. 7 =61, 1= b P

modes resulting in different localized strongly nonlinear so-drlft is neglected. The parallel component of the ion equation

lutions. The latter, due to the large difference in mass, im—Of motion yields

plies dust modes with frequencies that are usually much k, Ny

smaller compared to the standard plasma frequerieigs, Vin = e¢1+Ti1+Tion—_ : 3
gyrofrequencies and plasma frequencies for light plasma spe- m 10

cies. Thus, the temporal and spatial scales of ion and heavin Eq. (3) and in the further text the subscript O denotes
dust fluids can be very different in general and the couplingequilibrium quantities while the subscript 1 denotes pertur-
of dust and ion modes is usually rather weak. However, rebations. The magnetic field has both a gradient and a curva-
alistic dusty plasmas include grains of various size and irture, therefore V-og#0, and we have V-(no+)

Ui11= Vg + s, (2
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=(Upi- Vpir)/ Tig, andV - (o) =q;(0pi - V 1)/ Tig, Wwhere we  ditions show[8] that the average grain charge numBgrcan
have the sum of the curvature aWB drift given by o,  be given byZy~-1/[1+(7o/ 7)*?]+ 7y, where r,=aT/€?
=Tio(€,X VINBy+E, X K)/m);, andk=(E,-V)E, is the local <0.2, T is the plasma temperature,is the grain radius,
curvature of the field lines. The ion continuity equation the quantityr, is the reduced temperature for which the
an ion coIIisionlratE wi:h a negaﬂlvgly chargeq hgrain withI
i - _ Z4=-1 equals the electron collision rate with a neutra
at +VL )+ odng) =0 @ g(rjain, v ig the solution to a transcedental Spitzer's equa-
tion [10], and its values for an electron-proton and a

then becomes heavy-ion plasma are2504 and -3.79%espectively. As

22\ o ‘ example, forr; =100, wehave Z;=~300. Theappropriate
Cs z | Nia ed’l Tll . . .
w=—wpi——— | — = T(wpj + w+)) = — = wpj response of charged grains on collective electrostatic per-
T / Nig Teo Tio turbations in a plasma will consequently depend on the
(e LT 0 grain size and charge.
=0. (5
w Teo TiO

. . 5 lIl. MAGNETIZED GRAINS
Here, the following notations are used{=Tg/M, wp;

=00 K, wni=Tighkn (6,X IZ)VLInniO/(eBU), and 7=Te/ Tio. For very tiny but relatively highly ch_arged grains the ratio
The adiabatic ion temperature perturbation is dominantly%/{2a c&n become of the order of unity, or not much larger

due to the convective term, therefore we have than 1, like whermy/m; goes up to 18-10, andZ, takes

’ values from 18 to 10*. In that case the standard drift ap-

Tt -« €y proximationw <€); 4 is valid, and it is appropriate to include

T_iO =" ”ija- (6)  the effects of the Lorentz force on the grain dynamics, so that
the perpendicular grain velocity is given by

Using Eq.(6), the ion density perturbation can be expressed

. . . . l .
in terms of the potential perturbation as Gyi1=- = V ¢y X 6, (9)
22 NP 0
Cskz \Mia _ Haon; + ;) — 1219Di . o .
IR I AN Using the dust continuity equation we can express the dust
0 density fluctuations by
+ ﬁ 1 —_ _niw*i % 7 21.2
10) 1) Teo @ n_dl=<ﬂ_cd_k2)e;¢l' (10)
. . No \ 0 o )T
In the absence of dust one can replaee; with w« which
yields the appropriate expression from Réf]. Here w.q=Teo VINng(€, Xk, )/ (eBy), Cﬁzszeo/md
Negatively charged dust can take part in the collective Fyrther, using the quasineutrality condition
interaction in the plasma, and the appropriate linearized
equation of motion for a cold dust fluid can be written in the N1 = Neg + ZgNg1s (11

form
one obtains the following dispersion relation that couples the

Vg1 - - dynamics of grains with the drift wave:
MyNo ™~ =~ Ngodd(V 1= vg1 X By). (8) .
L M((u* ——Cdkz) (16? — Twpi0 - C2K2)
Realistic space and laboratory dusty plasma systems include| n;, dnio a o Di stz

dust grains of various size, ranging from very tiny particles
of the size of a few angstrontike in the case of polycyclic
aromatic hydrocarbons, observed in astrophysical dusty plas- (12

mas[ 8], which typically consist of a few tens of atoms only o ,
to microns and much-above-micron sized grains. Thereforel N€ electron dynamics is represented by the Boltzmann dis-
various limits in the sense of dust grain size are possible. Iffibution in the parallel direction. _ ,

principle, the charge on dust grains fluctuates even in the 1he effects of dust can easily be seen in the simple case

absence of perturbations. However, for very low frequencynen the magnetic field is homogeneous. In that case Eq.

processes the charging and discharging of grains is an “adi4}? reduces to
batic” process that is insignificant for the wave behay&jr 2.2
Namely, in the theory of unmagnetized dusty plasma it is {n—eow+zd@<w*d—h)](mz—cgkg)

shown that there appears a phase difference between the Nio Nio ®

charge variation and the wave potential which is such that = f 7w-0® + K — ). (13)
the charge fluctuation on grains is of no importance for the

frequencies that are much smaller or much higher than thEor static dust grains from E¢13) one readily gets a modi-
characteristic attachment frequency of electrons. On théed (due to the termm;y/ng) dispersion equation for the
other hand, analytical estimates for some astrophysical comnode in slab geometry,

= Pwsjo” + 1 1pi = R0x0p) o + 76K (0 = 704).
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w3—w*,Mw2— kg(m+l)w+ niw*imcsk§:0. 16}
neo neo T neo

The modification is only due to the termy/ng, and the 12|
corresponding stability conditions which follow from this

dispersion equation are well known from the literat{ité
However, we note that the mode increment is generally 8r
higher in the presence of static dust grains.
With the dust dynamics included, we can rewrite EcB) al
conveniently in the form

w4 + h1w3 + h2w2 + h3(,l) + h4 =0, (14)

where
FIG. 1. The locus of pair&,=k,/k, yielding w;=0 in Eq.(14).
h Ngo Nig ho = — 22 1 nyp Zd”do Cd The line 1 corresponds to the case without dust, while the line 3 is
1= Zdn_w*d Pl - P for njo/Ney=3, both for the magnetized dust. The dashed (mem-
e0 e0 : - :
ber 2 is for n=3 and for unmagnetized grains. The parameters are
given in the text.

neO N C2

modes. The imaginary parts of the frequendiesunits of
Q;, and multiplied by 10°% are presented in Fig. 2 for the
casesn=1 (no dusj, n=1.5, andn=3. Clearly, the dust
changes the stability of they mode in two ways: first, it
increases the growth rateote that forx,=0.025 the incre-
Equation (14) can be solved numerically yielding four ment in the presence of dusi=3, is about 2.4 times higher
modes, i.e., two drift modes and two sound-type modeshen the corresponding increment without duahd, second,
(modified due to thes; term). For numerical purposes we it extends the range of the valuessgffor which the mode is
normalize the frequency to the ion gyro frequency);, and  unstablg(it is seen that the threshold value gfin the pres-
further rewrite the coefficientss, , 5 4in @ more suitable form ence of dust is shifted by about 60%rhe limit of very
as small values ok, has no much physical sense since in that
) case the parallel ion dynamics becomes unimportant, and in
h :(1_3)1 h, = - 12k (n+ 1 +(n- l)zdm) the same time the conditions and assumptions used to de-
1 ’ . . . . .
scribe electron dynamics by the Boltzmann distribution are
violated, so that the complete model becomes invalid.
ot Kz s an-1 de. Further, for a given valug,=0.025 we solve Eq14) in
hy=- (7i=9), hy=r"; (15  terms ofz. The imaginary part of the frequen¢in units of
Ty Q;, and multiplied by 10°) is presented in Fig. 3, where

Here, we have introduced the dimensionless parameters dagain we have three curves for1,1.5,3. It is seen, first,
fined asr=pk,, N=n/Ne, 1=KLni, k=k,/ky, s=lpg(n that the mode increment in the presence of dust becomes

=1)/n, l,¢=L,i/Lng: and the equilibrium density gradients

Z4 Ngo 22
hy= 22 28,
T Ng

are taken as negative. Clearty=1 (which also yieldss=0) 6
corresponds to the case without dust.

To demonstrate the effects of dust dynamics on the w
instability we adoptr=0.3,r=0.2,1=60, Zgm/my=0.1, |4 ‘ al

=1.5, and solve Eq14) by varying the parametets,, 7;, for
n=1 (no dusj, andn=3, searching for the thresholg=0.
The locus of the pairék,, 7;) is presented by the lines 1 and
3in Fig. 1, where line 1 corresponds to the case without dust ol
and line 3 to the case=3. The unstable region for each case

is located above the corresponding line. The dashed line will
be discussed later. Consequently, the presence of dust desta-

bilizes the mode in the sense that the threshold valueyfor 0 ) , . ,
decreases for a fixed value kbf For example, it is seen that 0.01 002 003 004 0.05

for k,=0.04 the threshold value fay;, without dust(i.e., for kz/ky

n=1) is =13, while forn=3 it becomes=8.2, i.e., it is about

37% smaller than the former value. FIG. 2. The increment of the; mode for magnetized dugin

In Fig. 2 we fix 7~ 9.8 (which in line 1 in Fig. 1 corre-  units of ; and multiplied by 10°% in terms of k,/k, for n
sponds tok,~0.03) and solve Eq(14) in terms ofk,. This  =1,1.5,3. Herey;~9.8, and other parameters are given in the text.
yields the frequencies and increments/decrements of thehe dashed curve is for the unmagnetized dustnfo8 ands=1.
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Or

r4K§ de n- 1dei
LY

Ba=(n-1) Z m,

de K

It is seen that the parametefsaand 3, vanish in the absence
of dust. Also, we notice tha#=0.2 for Zym/my=10", «,
=102, andn=3. Thus, the cas@=1 corresponds to the
absence of grains, and the threshold for thenstability
is, as earlier, described by the locus of points represented
by the line 1 in Fig. 1. For a comparison with the previous
. . . , case, as an illustration, E¢18) is solved forn=3 and§$
6 9 7 12 15 =1. The locus of the threshold for thg instability is
‘ presented by the dashed lidine 2) in Fig. 1. Hence, the
FIG. 3. The incrementin units ofQ; and multiplied by 10% in  instability is again influenced by the grains although the
terms of7; for a fixedk,/k,=0.025 forn=1,1.5,3. The correspond- dust fluid dynamics is of a very different nature in the
ing instability thresholds are around the valugs-8.26, 6.80, and present case. Namely, for the drift wave propagating in
5.48, respectively. direction the ions perform oscillations typical for a drift
wave, i.e., in the direction of the density gradi¢due to
higher, and, second, that the threshold valueja shifted  the Lorentz forcg while the motion of grains is in the
from =8.26 (for n=1) to =5.48 (for n=3). In other words direction of the perturbed electric field, i.e., in the direc-
the plasma becomes more unstable in the presence of dustion of the wave. The appropriate wave increment for an
unstable mode can be calculated in a straightforward man-
ner. As an example we have presented it in Fig. 2 by the
dashed curve. Herg;=9.8214,n=3, ands=1. Its behavior
For relatively heavy grains the effects of the Lorentz forceis qualitatively similar to the curves representing the mag-

is negligible(this is equivalent to the case>()y), and itis  netized dust case. The mode is again destabilized.
appropriate to keep the first term only in the right-hand side

of Eq. (8). Instead of Eq(10) we then have

IV. UNMAGNETIZED GRAINS

Ny _ ﬁeil a8 V. CONCLUSIONS
= 5 ,

Mdo 0" Teo To conclude, we have investigated the effects of the dust

and instead of Eq(13) we have on they; instability by including the dynamics of dust grains

N 70 in two different limits, i.e., for tiny and magnetized grains,
(—eowz—cﬁkiﬂ)(mz—cgki) and for relatively heavy grains which consequently do not
Nio Nio feel effects of the Lorentz force in the time and space scales

= 70 Tws0? + K — Tw;)]. (17)  typical for a drift wave. The results obtained in this study

clearly show that the stability conditions are significantly
Neglecting the parallel ion dynamics one obtains a disperchanged due to the presence of dust. In both cases, for light
sion equation for the modes propagating strictly perpendicuand heavy grains the mode growth rates become higher in
lar, in the forme? - w-cwNio/ Neo = Cgky ZaNao/ Neo=0. This dis-  the presence of dust, while the threshold for fhénstability
persion equation describes coupled drift and dust soung reduced. Therefore, plasma is generally destabilized due to
modes; in the absence of the ion density gradient we havghe effects of dust. Physically, this is due to the smaller
two sound modes propagating in opposite directions. It ismount of free electrons in the system; namely, a consider-
worth noting that here the sound response of i@eng the  aple part of the negative chargesually attributed to light
magnetic f|e|d Iine; and the dus(a|0ng the wave VeCICDI‘ partic|es_e|ectror)s iS now bound to the heavy grains
become comparable, i.ec2k;/(c3k;)=mykZ/(mk:Zg) be-  which, on the other hand, cannot replace highly mobile elec-
comes of the order of unity fomy~10°-10', Z3~10°  trons in their generally stabilizing role in an ideal plasma, so

10 andk,/k,~102-10". _ the effects observed here are expected. Consequently, similar
The dispersion equatio(l7), normalized to(};, can be  to the previously mentioned studies of a plasma without dust
rewritten as [4—6], the nonlinear development of thg instability in a

plasma comprising dust grains would be worth studying.
(18 ; ;

Some other aspects of the nonlinear phenomena in dusty
Here, using the dimensionless parameters introduced earlipfasmas have been studied intensively in the recent past

o+ B’ + oo’ + Baw + B, = 0.

we have [7,11], yet the nonlinear phenomena related to thensta-
5 4.2 bility in dusty plasmas remain an open issue.
B = rn Bo= - rz/{z(} n+ 5) Ba=— 7 KN As it is said in the text, the charge on grains, which in the
N Ar b8 a1 present study for clarity is taken as constant, should fluctuate
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and it could affect the mode behavior. Various aspects of th&Ve believe that the model and the qualitative results pre-
charge fluctuation, and its effects on modes in unmagnetizesented in this work could be applied to realistic space and
plasmas, have been studied in our earlier w¢ikk13. The  laboratory dusty plasmas, and to plasmas with impurities.
eventual interplay of the charge fluctuation and thenode,

with the dust dyna_\m_lcs mclud_ed, would be interesting to ACKNOWLEDGMENT

study. However, this is not a simple task as an appropriate

model for the fluctuation of charge on grains in a magnetized This work was partly performed under the auspices of the
plasma seems to be not available in the existing literatureBelgian Office for Scientific, Technical and Cultural Affairs.
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