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Nonlinearities and instabilities of dissipative drift waves in dusty plasmas
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A linear and nonlinear description of drift waves in a dusty plasma is given. Equations describing the
simultaneous change of electron density, drift potential, and the charges on dust particles are obtained.
They constitute a generalization of Hasegawa-Wakatani equations to dusty plasmas. It is shown that the
main effect of dust is the enhancement of the nonadiabaticity of the system, implying strong effects on

the transport process.
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I. INTRODUCTION

Recently there has been a great deal of interest in
studying the linear and nonlinear evolution of instabilities
in dusty plasmas [1-4]. The presence of dust in the plas-
ma modifies its collective properties. Dust particles are
highly charged and usually have a size much less than the
plasma Debye length (the charge of the dust particle Z;
in units of the electron charge can be of the order of 10*
or even higher). Dust particles are often negatively
charged by plasma currents [5]. An important conse-
quence of the dynamical charging of dust particles is the
appearance of new collective modes and the modification
of the plasma dielectric properties [3,4]. In particular, the
modes with frequencies much less than the characteristic
dust collisional charging frequency are substantially
changed. Therefore, low frequency drift modes can be
actively affected by dust. Recently, using a kinetic ap-
proach, we have estimated the growth rate of this new
type of drift instability, driven by the process of dust
charging [4]. We found that this growth rate is compara-
ble to or much larger than the usual drift instability one,
even for a low dust density. In this paper, we continue
this investigation using a hydrodynamic approach and
consider the opposite limit when the dissipation processes
are not determined by the kinetic Landau damping but
by dust-particle collisions. The dissipative drift waves
can play an important role in the ionospheric plasma tur-
bulence, in astrophysical and cometary plasma as well as
in edge plasma turbulence of tokamaks [6,7,4]. The ori-
gin of dust in the scrape-off layer of the tokamak can be
due to the plasma-wall interaction while in the iono-
sphere it has many sources: pollution, vulcanic erup-
tions, meteorites, . .. etc. In this paper, we will give a
generalization of the dissipative drift wave equations tak-
ing into account the main nonlinearities that are already
present in the Hasegawa-Wakatani equations (HW)
without dust [8].

The presence of dust introduces a high rate of col-
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lisions of plasma particles with dust. Nevertheless, the
distribution of the dust particles can be considered as
fixed since the drift frequency is much higher than any
frequency related to the dust motion. Thus the dust can
be treated kinetically neglecting the dust-dust collisions.

There exist two possible descriptions of the system of
charged particles: a hydrodynamic and a kinetic descrip-
tion. These two approaches are complementary. For a
process in which the characteristic time is much larger
than the time scale of binary particle collisions and for
which the characteristic length is much larger than the
mean free path due to binary collisions, the hydrodynam-
ic approach is normally used. Under the opposite condi-
tions, the kinetic approach is used. In the hydrodynamic
description it is usually supposed that the collisions have
sufficient time to establish the local thermal distribution
of particles. However, the deviation from the latter is
due to the presence of an average velocity, density and
temperature inhomogeneities or to a slow time depen-
dence. The presence of dust particles can change this
separation between the hydrodynamic and the kinetic ap-
proach if dust particles are highly charged and if their
density is sufficiently high. It often occurs that the col-
lision frequency of plasma particles with dust can be
much larger than the frequency of binary plasma particle
collisions. Let us mention that if the collisions are dom-
inated by plasma-dust interactions, the plasma-particle
distribution is determined mainly by these collisions and
not by binary plasma-particle collisions as in usual hydro-
dynamics. Then the binary plasma-particle collisions can
be considered as a secondary effect or can even be
neglected in the first approximation. Thus the concept of
hydrodynamics for slow motions of charged plasma parti-
cles is changed since binary collisions are not the dom-
inating interaction. Transport coefficients such as viscos-
ity, thermal conductivity, diffusion, and other usual
quantities will then for slow motions of plasma be either
modified or can be neglected as is the case for viscosity
that is small compared to the friction of the plasma parti-
cles on dust. The main qualitative effect is that the plas-
ma becomes more dissipative as compared to the case
when the dust is absent. This large dissipation implies
that all dissipative instabilities can be enhanced in the
presence of the dust particles.
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We will deal in this paper, only with a specific case of
dissipative instabilities: the dissipative drift wave insta-
bility in dusty plasmas. We shall consider the case when
the drift waves frequencies are less than the frequency of
plasma particle~dust collisions; and wave numbers of
drift waves are less than the inverse mean free path of
plasma-particle-dust collisions.

The main dissipative process introduced by the pres-
ence of dust particles is their charging by plasma currents
in which the plasma particles disappear from the plasma
since they can be attached to the dust. This process can
be considered as a constant sink of plasma particles or, in
other words, their recombination on dust. The latter pro-
cess takes place when an equilibrium in the dust charge is
reached and when currents of electrons and ions on dust
are equal. Usually dusty plasmas are stationary and the
losses of plasma particles due to their recombination on
dust particles are compensated by some ionization pro-
cesses or by plasma-particle fluxes from the regions where
dust is absent to the regions where it exists. The latter
case is realized in planetary rings and probably in the
ionosphere. Due to the presence of external sources of
plasma particles, the plasma-dust system could be con-
sidered as an open system where the self-organization
phenomena and the associated coherent structures are of
general interest.

This work is organized as follows. Section II starts
with some estimates of effective collision frequencies
showing that the rate of the plasma-particle collisions
with dust in most relevant applications is substantially
larger than the rate of the binary plasma-particle col-
lisions. We then calculate the effective collision frequen-
cy for plasma particles in the continuity equation and in
the momentum equation. This calculation is performed
for the arbitrary plasma-particle distribution at equilibri-
um. Section III deals with the basic assumptions used in
the description of the dissipative drift waves in dusty
plasmas. In Sec. IV, we derive the nonlinear equations
for the dissipative drift waves in dusty plasmas and in
Sec. V we study their linear stability.

II. EFFECTIVE COLLISION FREQUENCIES
OF PLASMA PARTICLES WITH DUST

The rate of the dissipative charging process can be es-
timated by the charging frequency v, that is the inverse
of the time needed to charge a single dust particle in a
plasma by plasma currents. This frequency can be es-
timated from the usual limiting orbit approximation for
the cross sections of the charging processes [2]. The
charging frequency appears to be approximately Z, times
larger than the binary ion-ion collision frequency. The
values of Z; are in most cases of very large interest of the
order of 10° or 10* or even higher. Thus v, is indeed
much larger than the binary ion-ion collision frequency
[2,4]. The rate of ion charging collisions is proportional
to the dust density n, and differs from v by a dimen-
sionless parameter P/(1+P) where P=(n,Z,;)/n, and
n, is the electron plasma density. In the experiments, the
value of P is of the order of unity. The frequency of the
ion-dust charging collisions v}, in which the ions are lost
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recombining with electrons on dust particles is thus of
the order of Pvgfor P <<1 and is of the order of v, for
P >>1. The rate of the elastic collisions of the ions with
the dust particles (when the ions are deflected by the
dust) differs from the rate of the charging collisions of the
ions on dust (when the ions are attached to the dust parti-
cle) by a factor of the order of In(d /a) for d >>a, where
d is the Debye screening length in a plasma and a is the
radius of the dust particle. This estimate shows that
indeed both the charging and the elastic collision fre-
quencies of ions on the dust particles are much larger
than the frequency of the binary ion-ion collisions. The
rate of the charging collisions of the electrons on the dust
particles is 1+ P times larger than the rate of ion-dust
charging collisions. The rate of the elastic electron dust
is even larger by a factor [m;/m,(T;/T,)*]'/?. Thus for
both electrons and ions their collision rates with dust par-
ticles will dominate the rate of their binary collisions. In
what follows we will neglect the plasma-particle binary
collisions and will take into account only the collisions of
plasma particles with dust.

One should distinguish the effective collision frequen-
cies of the plasma particles with the dust that enters in
the momentum equations of the plasma particles and the
effective collision frequencies of the plasma particles with
dust entering in the continuity equations of the plasma
particles. We denote the first by v, , and v;; and the
second by ¥, ; and ¥, ; and for electrons and ions, respec-
tively. In the calculations of these collision frequencies
we take into account both the charging and the elastic
collisions. We suppose that the particle distribution is
slightly anisotropic. This anisotropy is due to the ex-
istence of an average particle drift u. We suppose also
that there exists a small variation of plasma particle den-
sities &n,; <<n,,; where n,; is the equilibrium density of
the plasma particles. The distribution functions of elec-
trons and ions can then be written as follows:

on, ;
FeiV)=fA(lv—uD)+—=F%(v)
O,e,i
_ [1+ Sne,i J :‘{(U)_Hi eeqi(v) R (1)
» v Jv”®

no,ei

where v=|v|, and f{%(v) is the equilibrium distribution
function that is determined by the balance of the plasma-
particles creation by an external source and their recom-
bination on dust particles. We suppose the particle dis-
tribution function fJ%(v) to be isotropic. In dusty plas-
mas, this distribution can depend on the source of the
plasma particles and on the charging process on the dust
particles, i.e., it cannot be a Maxwellian thermal distribu-
tion. For example, in the case where the charge of the
dust particles is negative, only fast electrons will be able
to take part in the charging process and the tail of the
electron distribution function is changed in such a way as
to decrease the relative number of fast electrons. Thus
we will consider f74(v) to be arbitrary. To give some es-
timate of the collision frequencies, we shall also consider
the case where f/4(v) is Maxwellian. For other distribu-
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tion functions, one should keep in mind, that in the ex-
pressions we obtain for the thermal distributions, the
average particle velocity should be substituted for the
thermal particle velocity. The particle momentum in a
unit plasma volume can be written as

Pe,=fme’,-vfe’,-(v)d3v . (2)

We denote the change of the plasma-particle momenta
due to collisions with the dust particles as 6P,; and
define the effective collision frequencies v; , , by the rela-
tion
%Spe,i
This expression should be added in the equation of the
change of the particle average momenta, containing the
usual (u-V)u term, the Lorentz force term and the gra-
dient pressure term. The ¥, ; ; wills consist of two parts:
The first term is related to the charging plasma
particle—dust collisions veh, 4 and the second term 1s re-
lated to the elastic plasma particle—dust collisions ¥ ve id

VeidM0,e,iMe,iW - (3)

T’e,i,d etd+vetd . 4)

We start with the calculation of the effective frequency
of elastic collisions. We will use for that the Landau col-
lision integral with the maximum value of the impact pa-
rameter to be the Debye screening length d and the
minimum value of the impact parameter to be the radius
of the dust particle (supposing that all dust particles are
of the same size and supposing that the size of the dust
particles is much less than the Debye screening radius as
is the case in most applications). Then

d 277'23’%1‘34 d Jd 1 U;V;
—8P,,;=—————In— | v—— |5, —
dt ’ m, an v »J UZ
3 uv 9 3
————f(v)d" v . 5
o0, 0 aUfe,,(v) v (5)

The integration over the angles of the last expression
gives

47Zinge*
P = um® [ D . @

—8P, ;= In—
dr  ©' 3m,; vy
A comparison of this expression with the definition of the
collision frequency (3) leads to

u  WV2rZinget g4

Veyi’d’— 3m2 _3 ln; N (7)

where the average velocity D, ; is defined by the relation

1/2f v)d 3

T
- = (8)
ﬁi i 2 f °4(v)d v

For a Maxwellian thermal distribution the 7, ; coincides

with the average thermal velocity vy, ; =\/Te’,- /m, ;.
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To compute the effective charging collisions frequen-
cies one needs to know the cross sections of the charging
of dust by plasma currents. For the ballistic approxima-
tion [2], these cross sections are given by

2Z,e?

m

ot v =ra’

v)=ma“ |1+ 9)

Levla
The change in the plasma-particle momenta due to the
charging collisions will be

d
e
We then change the integration v—v+u, expand the re-
sult on u and average on angles. This gives

1

[ 143 : ngooth ()£ (v)d

voh = ) (11)
e,i ffeq(v)d3

In the case where the equilibrium dust charge is deter-
mined by the balance of electron and ion currents on dust
particles and the equilibrium particle distribution is
Maxwellian, one can express both the elastic and the
charging frequencies through the following three parame-
ters,

me,fvndva L) fE(lv—u|)d . (10)

Z,e? T; n,Z
=22 p=_Li p=-1, (12)
aT, T, n,

which are not independent since they should satisfy the
current balance equation

1/2
m, ] 1+

i

exp(—z)= (7'+z) (13)

Vi

For applications it is useful to express the effective col-
lision frequencies in terms of the charging frequency vg,.
Using Eq. (13) we get

2

_ 94
o=y T (1), (14)
where w,; =[(4mnye?)/m;]'/? is the ion plasma frequen-
cy and v;; =V T;/m; is the ion thermal velocity. For

thermal distributions of plasma particles the expressions
(7) and (11) give

| 2Pexp(z)
3z(14+7+2)

vy =ve (T+Z)IH—Z— , (15)

2P
3z(1+7+z)r(1+P)

In— |, (16)
a

(1+P)7+z)4+z)
47
z+ 3

-y P(r+z)(4+z) 17)

M z(l47+z)
According to Eq. (13) the exponential term in (15) is usu-
ally large and the rate of the elastic electron-dust col-

~ch__—ch
Ve =V
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lisions is usually much larger than the rate of the ion-dust
elastic collisions. The rates of the charging collisions for
electrons and ions could be of the same order of magni-
tude.

Now let us consider the effective collision frequencies
of the plasma particles with dust that enters in the con-
tinuity equation for electron and ion densities. It is easy
to find that the elastic collisions conserve the number of
particles and therefore they do not contribute in the con-
tinuity equation.

For the change of distribution function of the plasma
particles due to the charging collisions we use the expres-
sion

=—ngon W [f,;(v)—f40)] . (18)

The last term in the right-hand side (rhs) of this equation
describes the source of the plasma particles which com-
pensates their losses due to the recombination on the dust
particles. We define the effective collision frequency v, ; 4
by the equation

dn,; _ on, ; 4y
dt ot ()
:_Ve,i,d(ne,i_no,e,i) . (19)

From Eq. (18) we find then
fndvaf»’lz,(v) 24 (v)d v
[ rawid

which in the case of thermal Maxwellian plasma-particle
distributions becomes

Ve, id

(20)

P(r+z)

Ve,d:vi,d(1+P):vchm .

(21)
These frequencies can thus be of the same order of mag-
nitude for electrons and ions. It is easy to see that the
first relation of (21) is a consequence of the equality of the
equilibrium fluxes of electrons and ions on dust particles.

III. BASIC ASSUMPTIONS IN THE DESCRIPTION
OF DISSIPATIVE DRIFT WAVES
IN DUSTY PLASMAS

We derive the linear and nonlinear equations for the
dissipative drift waves in a dusty plasma under certain as-
sumptions. First, we will suppose that the frequency of
the drift waves and all the effective collision frequencies
of the plasma particles with the dust particles derived in
the previous section are much less than the ion-cyclotron
frequency otherwise the drift waves will be completely
suppressed by the collisions.

. le |Bo

@ >V, i asVeid, - (22)

cm;

We also suppose that the effective collision frequency of
the plasma particles on dust is much larger than the fre-
quency of the binary collisions of the plasma particles.
Therefore we can neglect the effects of the binary col-
lisions such as the viscosity or diffusion. Indeed these
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quantities are small as compared to the friction of the
plasma particles on dust.

Second, we suppose that the vector nonlinearities dom-
inate the scalar nonlinearities. Physically, this assump-
tion means that the gradients of the functions (for exam-
ple, the wave potential) can be of the order of the ion
Larmor radius for electron temperature, (p,=c,/w,;).
These assumptions are usually made in the derivation of
the Hasegawa-Mima and HW nonlinear equations for
drift waves in the absence of dust [8]. The ordering in the
case of the latter equations shows that the dimensionless
potential (V=e¢/T,) is of the order of the ratio of the
drift frequency to the ion-cyclotron frequency. This
means that the term W? times the drift frequency which
appears in the expansion of the exponential term describ-
ing the adiabatic response of electrons in these equations
will be relatively small as compared to the term contain-
ing the fourth power of the gradient of the potential and
describing the vector nonlinearity. In the case of a dusty
plasma, the behavior of the nonlinear dissipative drift
waves cannot be described by a single dimensionless po-
tential as is the case for the Hasegawa-Mima equation
(without dust) or by two dimensionless parameters (densi-
ty and potential) as in the case of the (HW) equations.
We need to introduce three parameters. The third pa-
rameter describes the change of dust charges. Since the
drift waves modify the distributions of both the electrons
and ions taking part in the currents on dust particles, the
charges of dust particle will be changed. However, due
to the possible delay in the charging process, a phase shift
arises between the plasma potential and the charge varia-
tion. We describe this effect by the charging equation
that will couple the charge changes on dust particles with
the density variations in drift waves. On the other hand,
the density variation in drift waves will also depend on
the dust charges through the effective collision frequen-
cies of the plasma particles with dust. Thus we need to
find the coupled equations for all three parameters
describing the dissipative drift waves in a dusty plasma.
Let us note that the scalar products of all combinations
of the three parameters will enter the scalar nonlineari-
ties. We will, as in the absence of dust, consider only the
quadratic nonlinearities, thus neglecting the cubic ones.
We are then considering only the quadratic combinations
of these three parameters. The ordering similar to the
one used in deriving the Hasegawa-Mima equation
shows, in the presence of dust, that all these scalar non-
linearities are of the order of the ratio of the effective col-
lision frequency of the plasma particles to the ion-
cyclotron frequency or again of the order of the ratio of
the drift frequency to the ion-cyclotron frequency. We
should also restrict ourselves only to the case of electro-
static drift waves. Thus the second assumption can be
formulated in a more precise way as following. The drift
waves are electrostatic with only the quadratic nonlinear-
ities and the scalar quadratic nonlinearities are neglected
as compared to the vector nonlinearities.

Third, we will suppose that the quasineutrality condi-
tion for the drift waves is valid but modified by the pres-
ence of the change in the dust charges. We will also sup-
pose that the frequency of the drift waves is sufficiently
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large as compared to the plasma-dust frequency. The
dust is considered immobile and only the charges on the
dust particles are changed in the drift waves. The latter
assumption is valid in most applications since the masses
of dust particles are very large.

After having described the assumptions used in the
derivation of the dissipative drift wave equations, let us
now introduce the variables which will be used in the
description of the drift waves in this paper. First of all
we should mention that the quasineutrality condition in
the absence of drift waves is changed by the presence of
dust due to the rather big charges on the dust particles.
We should write for the case of negatively charged dust
particles

Ny =ng, tnyZ, . (23)

This relation can be also written using the parameter P
(Eq. 12) as follows:

ng =ng(1+P), (24)

where n,, and n(; are the equilibrium values for the elec-
tron and ion densities, respectively. A consequence of
Eq. (24) is that the electron and ion drift frequencies are
not equal. These frequencies w}; are defined by

2
¢ 1 4
* s
o), =— k,————ny,; (25)
! W v nOe,i 9x get

where k, is the wave vector component perpendicular to
both the magnetic field and the density gradient.

The relation between these frequencies is derived from
Eq. (23) and contains the gradient of the dust charge den-
sity
« 1
¢ dlnn,Z;

1+P—P
dlnng;

(26)

We introduce then the dimensionless variables which will
describe the drift waves. These variables will be the
charge variation on the dust particles, the ion and the
electron density variations, and the electrostatic potential

8Z
&d y=2CP Q7

b b ’
V4 d no; noe Te

on; bn,

where @ is the electrostatic potential of the drift waves
and 8Z, is the variation of charges on the dust particles.
Note that the frequencies of the plasma-particle dust col-
lisions depend on the total charge on the dust particles
including 8Z;. Expressions (7), (11), and (20) contain
indeed the total charge. But expressions (15), (16), (17),
and (21) were obtained from expressions (7), (11), and (20)
by substituting in the value of the equilibrium charge.
The additional terms due to 8Z, describe additional non-
linearities which will be the main subject of calculation in
the next section.

The quasineutrality condition for the changes in the
electron density, the ion density, and the dust charges in
drift waves can be considered as a relation between the
variables introduced in (27) n;=ny, +6n;, n,=ny, +8n,:

on,=dn,+8Z,n, . (28)
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Dividing this relation by expression (23) we find
dn; 6n 8Z
ST a«_P_ (29)
no ng 1+P  Z; 1+P

IV. NONLINEAR EQUATIONS
FOR DISSIPATIVE DRIFT WAVES

We start with the electron momentum equation in
which we neglect the electron inertia

=—v%,Vn,+v3,n,VV—o0,nu,Xz—n,v,u, , (30

where z=B,/B,, w,=(eBy)/m,c). The equilibrium
solution of this equation is the usual diamagnetic electron
drift with the velocity u,

zXVng, . 31

We expand Eq. (30) in a small parameter € to solve it for
the perturbations, e=c, /(L, . ) where

1
L—z(l/nOe )3/3x)ng, .

n
The first and second order terms of this expansion (in the
case where the scalar nonlinearities are neglected) can be
written in the form

2

v

Bu, =L [zX V¥ —z2x8-LVn, |, (32)
wce ne
i 3 bn,

du, ,= — |¥— (33)
T’ed aZ noe

We should emphasize that the electron inertia can be
neglected for disturbances perpendicular to the magnetic
field. For the disturbances parallel to the magnetic field,
the electron inertia can be taken into account if the
effective collision frequency of the electrons with the dust
is comparable to the frequency of the waves. Then one
should change the frequency v,; to (¥,,+9/90¢) in Eq.
(33).

In the momentum equations for ions we take into ac-
count the ion inertia and we neglect the ion pressure for
the perpendicular motion. The equation for the ion
momentum is

en;B,

d
n; | =—u; +u;-Vu,
m;n; atut i i

=—en,V¥V—T,Vn;+ u; Xz

—m;n;v u; . (34)
We solve Eq. (34) using the expansion on the same pa-
rameter €. In the first approximation we get the follow-
ing term representing the electric drift:

2
K

u,= ZXVVY . (35)

WDe;

The second order terms of this expansion are the ion po-
larization drift

2 4

c; ¢
Sul,:——%vpt S [2X(2XVE-V)zXVY]  (6)

ci i



2722

and the term associated with the parallel current,

2

Cs

6’1[
i\I/—G-'r

oz Ro;

du,, =

zt

(37)

Via

If we take into account the ion inertia, we should then
change the frequency ¥, to [v,;+(3/9¢)] in Eq. (37)
similarly to what was done for the electrons in Eq. (33).

Now we can deduce the nonlinear equations. The elec-
tron continuity equation gives by using the expansion on
the parameter € the following relation:

%Sne +6u,,-V ny, +V,-6n,8u, +u,, -V 60,

+ng, %Suez = =8V, qNeg—Vqbn, , (38)

where it was taken into account that V,-u,,=0. The 6v,,
in Eq. (38) describes the change in the charging frequency
when the charge on the dust particle deviates from its
equilibrium value. From Eq. (21) we find
{(8V,y/V,y)=—2[8Z,;/Z;]}. Using then the expres-
sions (31), (32), and (33), we can write Eq. (38) in the form

én on 8Z vZ
B e g, | e 204 | Ok ZX VY-V n,,
9t ng noe Z, Roe@ce
LRk [ o,
Ved nOe
2
v én
— Ly, —L XV .
@ e e
(39)

Finally, we define the new dimensionless variables which
take into account the small parameter €
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where p; =c, /w,; is the hybrid ion Larmor radius.
Thus with this normalization, we can find the relation

%+a(n—zx)+%%—gn,m=ce<w—n>, (41)
where the coefficients a and ¢, are
= )
v vtk
a= ed , ce:—T';z__ (42)
w. P PN
ci Ln ed@Wei Ln

and {.,.} denotes the Poisson bracket

gn,W}=%}’z—%y‘ﬁ—g—;%f. 43)
The following charging equation:

o 8Z, 8Z;  1+pP dn,  on;

EZ—,,Z_V“‘Z_d —P—Vid o, _71; (44)

can be written with dimensionless variables using expres-
sions (29) and (40):

)

Ex—l—b’)(:a(l—i-P)n , (45)
where
v; v, v,
B=—"2— |1+ |=q(1+P) [1+ - (46)
Ps Via Vid
wciLn

Finally, with the same perturbation approach, the con-
tinuity equation for the ion can be written as

d
B;Sn[ +u;,-Ving +V,-8u;ny +V,-8n,u;, +ny, ~aa;uiz

= “‘817idn0,« _1_/[d8nl- (47)
Ps y 8Zd L, .
t——»wc,z—t, X—>——, y—>—", X—>—2‘— , with V-u; =0.
n s Ps d Ps The relations for the effective collision frequencies (21),
sn. L for the density perturbation (29), for the ion velocities
Vowt o, e Ln @0)  35), (36), (37), and for the charging Eq. (44) allow us to
5 Noe Ps write the ion continuity equation as follows:
J
39 on, on, 8Z, c2 2 bn, c? 8Z,
TV, —z + ZXVV¥-Vn,,+—V, ZX VY + PV, -ZzX VY
at Neo e Zd ;i@ oFY noe Wi Zd
¢’ d o
— (1+P)VL-§VL\IJ+—3(1+P)Vl-{z><[(z><V\IJ)-V]zXV‘I/}
ci Wi
2.2
ck dn on
=2 (14+P) |W+—" : N 48)
Vi (14+P) ny, (1+P) ng,

Then by using the normalization (40) and the relation (26) between the electron and ion drift frequencies, and by sub-
tracting Eq. (41) from Eq. (48), we get the equation for the potential which together with the equation for the electron
density (41) and the equation for the dust variation (45) constitute the new closed system of nonlinear equations describ-
ing the evolution of dissipative drift waves in dusty plasmas.
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where
c2k? dlnnyZ,
=" and Lg'=— (50)
T/idwci%_ o

n

are, respectively, the ion longitudinal motion parameter
(adiabaticity parameter) and the dust density gradient.

This system differs from the usual HW system by the
addition of a third equation for the dust charge variation
and the presence of new linear and nonlinear terms de-
pending on the dust parameters in the equations of poten-
tial and density (49a), (49b). The electron longitudinal
motion coefficient ¢, in Eq. (49a) and (49b) does not take
into account the binary plasma particle collisions as we
have neglected them as compared to the dust particle col-
lisions. As is usual in the (HW) system, the ion longitudi-
nal motion parameter c; is smaller than the electron lon-
gitudinal parameter ¢, and in the further numerical in-
vestigations of the dissipative drift wave instability it will
be neglected. We also neglect the viscosity term and the
diffusion one which enter in the HW system since we
neglect the binary collisions. It can be shown easily that
within the hydrodynamical approach used in this paper
the viscosity term produced by the dust-particle collisions
is smaller than the friction of plasma particles on dust
which is indeed taken into account. Let us remark that if
the dust parameter P vanishes and if we take into account
the effects of binary collisions (diffusion and viscosity), we
finally obtain the usual HW system. Note that if we keep
the electron adiabaticity parameter c, fixed and vary the
dust density by varying P, we find that in the limit of
small P we recover the HW system in the absence of
diffusion and viscosity terms.

Another important remark concerning the system (49)
is that the presence of dust decreases very substantially
the value of the adiabaticity parameter c,. Thus the sys-
tem could behave almost adiabatically in the absence of
dust and becomes nonadiabatic in the presence of dust.

V. LINEAR STABILITY STUDY OF THE
DISSIPATIVE DRIFT WAVE IN DUSTY PLASMA

The linear stability of the drift waves was already con-
sidered in a previous paper [4] for the case where the drift
frequency is much larger than the effective collision fre-
quency of the plasma particles with dust. In this case the
kinetic effects (Landau damping) cause the nonadiabatici-
ty in the longitudinal electron motion. In this paper we
are considering the opposite case where the effective col-

lision frequency is much larger than the drift frequency.
Nonadiabaticity in the latter case is mainly determined
by the electron-dust collisions.

To illustrate the change of nonadiabaticity due to the
electron-dust  collisions, we take, for instance,
vaP =0.1w, and P value of the order of 0.1, the dust
gradient Ld_l of the order of one, and the parameters 7
and z close to 1. The longitudinal ion motion determined
by the coefficient ¢; does not have a large influence on
drift instability since approximately (c,~1V m;/m,c;).
The parameter ¢, describes the dissipation in the longitu-
dinal electron motion and can be either ¢, >>1 or ¢, <<1,
depending on the value of k,. For ¢,>>1 the electrons
can be considered as almost adiabatically responding to
the disturbances and V¥ = n while for ¢, << 1, the electrons
behave nonadiabatically and the dissipation in longitudi-
nal motion of electrons can drive the instability.

We need to emphasize two important consequences of
the presence of dust in the plasma The first is that the
adiabaticity parameter c, is very much reduced. An ap-
proximate estimation of the reduction of the coefficient c,
shows that for a dusty plasma there appears an additional
factor [1/(14+PZ,)] in c¢,. For the parameter values we
gave above, this factor is 1073, This means qualitatively
that electrons which behave adiabatically in the absence
of dust can behave nonadiabatically in the presence of
dust. This effect is rather big and can lead to an appear-
ance of an instability introduced by an increase of dissi-
pation in the longitudinal electron motion, in the pres-
ence of dust. The physical reason for that, it that the
dust charging process introduces a high rate ¢f dissipa-
tion in the plasma. The second consequence of the pres-
ence of dust on the perpendicular motion is that dissipa-
tion is no longer produced by viscosity and diffusion,
which together are related to binary collisions, but the
major dissipation effect is the friction of the plasma parti-
cles on dust. The competition of these processes deter-
mines the rate of drift instability in dusty plasmas.

Figure 1 shows the comparison between the growth
rates in the presence of dust and without it when the adi-
abaticity parameter is changing from the value 30 in ab-
sence of dust to the value 0.1 in the presence of dust and
P=0.1. For the nondusty case, the computation takes
into account the binary collision effects with a diffusion
coefficient D and viscosity v such that D =v=0.01. In
the presence of dust we take into account only the effects
described by the system of Eq. (49). Let us note, that for
this almost completely adiabatic case (in the absence of
dust), the corresponding dusty plasma case presents a
high rate of instability. The latter growth rate is close to



2724

the maximum growth rate in the absence of dust [8]. We
observe in Fig. 1 that in the presence of dust a broad
spectrum of k, values is excited.

Figure 2 contains the comparison of growth rates in
dusty plasmas for different P values (related to the dust
density) and keeping the electron adiabaticity parameter
¢, constant. We can observe that the increase of P has a
stabilizing effect on the instability. One should remark
that keeping ¢, constant and changing the parameter P
means that the values of the parallel wave numbers
change when P varies.

Let us now give some analytical results of the limiting
solutions of the linear dispersion equation. For large
values of c¢,, we get from the system of Egs. (49) the fol-
lowing equation for potential:
i(VZ\I/—\I’)—%I—fi)!:a(\ll—z)() . (51)
ot (1+P—PL; ") 3y

In the limit of a large charging frequency we can
neglect the time derivative term in the charging Eq. (49c¢)
and get

Yozx=ry (52)
(P+z)7+z)+z(14+P)

VPt 21+ P+ 742) |

In deriving this expression we used the relation between
the charging frequency and the particle-dust effective col-
lision frequency (Eq. 21). From this result it is obvious
that the coefficient ¥ which is in front of ¥ in the rhs of
Eq. (51) is positive which means that the dust introduces
a damping. One can easily solve Eq. (51) together with
Eq. (49c¢) exactly without supposing that there is no delay
in the charging process and show again that the presence
of dust adds an additional damping due to the friction of
the plasma particles on dust. We then consider another
limit when the electrons are not adiabatic but the charg-
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FIG. 1. Linear growth rates of dissipative drift waves vs k,,
in the presence of dust [dotted line, P=0.1, ¢,=0.1, L; '=1,
vo=(venL,)/(w,p;)=1] and for the correspondent adiabaticity
parameter value in the absence of dust (solid line, ¢,=30,
D=v=0.01).
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ing frequency is high enough to neglect the term with the
time derivative in Eq. (49¢). Then the set of the two linear
equations describing the drift instability will have the
form

dn v
—_ 4_ _F.____A,:: —
5 tarn 3 c(W—n),
3 © - c (53)
_Vz\P_ *d oY _ e _
ar 1+P 3y 1+p Y7n)s
where
PL;!

W, =————————— | (54)
¢ (1+P—PL;")

There are two solutions of the system (53). One of them

describes the decaying mode due to the charging process.

The other has a real frequency which in the limit ¢, << 1

gives the dust drift wave frequency

R a)*dky
ew= PRSI (55)

This branch has an imaginary part which for c, <<1 can
be found by the perturbation approach and is equal to

kyza)*d B kyzcoid o?y?
Imow=c, K1+ P)Y k4(1t};)3 u+p) (56)
a2y2+ k}’w*d
k*1+P)?
The necessary conditions for the instability are
o, >a’y*(1+P), (57)
k2> _Ora . (58)

(1+P)
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VI. SUMMARY

We have generalized the dissipative drift wave instabil-
ities to the dusty plasmas taking into account only the
collisions of the plasma particles with dust. This allows
us to find a type of hydrodynamical description of the
drift waves in which the dissipative processes are dom-
inated by dust. We derived the full nonlinear set of equa-
tions for dissipative drift instability in dusty plasmas
which constitutes a generalization of the well-known
Hasegawa-Wakatani equations. The main qualitative
effect introduced by the presence of dust is a high rate of
dissipation due to the charging of dust particles. This dis-
sipation produces a high nonadiabaticity in the longitudi-
nal electron motion which increases the range of unstable
drift waves. The dust produces a damping in the perpen-
dicular direction which can have a stabilizing effect.
Nevertheless the maximum growth rate of the instability
in the presence of dust is close to the one obtained in the
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absence of dust but the range of the parameters for which
it occurs is changed drastically.

The nonlinear behavior of drift waves described by
Egs. (49) is of interest for understanding the self-
organization of the plasma turbulence in the presence of
dust such as occurs in ionospheric plasma, astrophysical
plasmas, and even in magnetically confined plasmas. In a
future work we shall undertake numerical simulations of
these equations for dusty plasmas.
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