PHYSICS OF PLASMAS VOLUME 10, NUMBER 3 MARCH 2003

On low-frequency dust-modes in a collisional and streaming dusty plasma
with dust charge fluctuation
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Lighter particles streaming, dust charge fluctuation, and collisional effects on the dust-modes, viz.,
the dust-lower-hybridDLH) and dust-acoustiDA) waves, have been examined analytically using
fluid model. In the absence of dust charge fluctuation and collisional effects, two-stream instability
of these modes occurs when the ion streaming velocity exceeds the parallel phase velocity of the
respective mode. Moreover, if either ion or electron streaming velocity exceeds the wave parallel
phase velocity, then the collisions of ions or electrons with neutral gas atoms/molecules give
destabilizing effect on the dust-modes provided the dust charge fluctuation is negligible. Dust charge
fluctuation gives the damping of either of these modes. It is found that charge fluctuation and
collisional effects on the DA-mode are greater than those of the DLH-mode. Hence, the DLH-mode
is more stable compared to the DA-mode. 2003 American Institute of Physics.
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I. INTRODUCTION ered as a hot Boltzmann gas at temperalya low-density
magnetized dusty plasma, then the DA-mode may be ex-

Since the discovery of low-frequency dust-acoudi®)  iteq, which propagates nearly perpendicularly to the exter-
and dust-ion-acousti¢DIA) waves in unmagnetized dusty 15 static magnetic field, i.e., in the direction of the

plasmas;? dusty plasmas are being extensively studied.DLH_mOde_ls It was shown that this DA-mode is damped

Highly charged and relatively massive—compared to ions_rapidly, compared to the DLH-mode, through dust charge

dust grains exist b.Oth in natural and Ia_lboratory P'?Smas- Thﬁuctuation and Landau damping processes. This study was
presence of dust in plasma can modify the existing pIasm@arried out using the Vlasov—Poisson model in the collision-

mode; or {n?y 'ntmdl;c.e r:jewtelglenmoagsheorenca:jl a:jn(,j N less limit. Moreover, the streaming effect on the mode prop-
experimental research in dusty plasma has expanded into 8.\ -< not studied sufficiently.

wider range of problems, including studies of collective pro- Due to the heavier mass of the dust compared to ions,

cesses, i.e., waves and instabilities. Experiments in the Iab%-ust dvnamics introduce low-frequency dust-modes below
ratory have verified the theoretical predictions of the DA y d Y

waves*S the DIA waves®” and the dust-latticéDL) wave® the ion-cyclotron frequency in dusty plasmas. In this low-

Merlino et al. experimentally studied the properties of DIA :thl': zlnsc)r/ngmIt’Iacozhn‘:'loor;tg;tt?;ecshﬁﬁﬁg pfortlzlﬁiseswgp JS;_
waves and electrostatic dust-ion-cyclot(@&bIC) waves and y play Imp prop

have shown that these modes are more easily excited in {godefsaM(:rer?ver, in real plz:]smat\h the t”g.? deperltrj]entlvana-
plasma containing negatively charged dusthey also ob- lon ot dust charge occurs when the conditions in the plasma

served the DA-mode and found a good agreement of th8¢& the dust grain are changed QUe to a variety Of. reasons,
mode properties with that predicted by fluid theory. HOW_such as the wave motion. Streaming of plasma particles can

ever, magnetized dusty plasmas obviously support more a(gbcur ;:iue tt?] thel prte_sefr_lclttaj of anbamb|ent etledCt.”CtEeld'hlnﬁ]
ditional low-frequency electrostatic dust-modes, such as th oratory, the electric neld may be generated in the shea

dust-lower-hybridDLH) mode of frequency below the ion- region on account of the high_ mobility of_ the electrons. In
cyclotron frequency®*! Recently, D'Angelo has explained t_he space pla_sma system, thls_ elc_ectn_c field may be e_stab—
theoretically the excitation of the DLH-mode in a laboratory IShed due to inhomogeneous distribution of charge carriers.
and shown that the DLH-mode can be excited easily, Cc)mjl'herefore, theoretical study is carried out on the dust-modes
pared to the electrostatic dust-cyclotrDC) mode, in the (viz., DLH, DA) using a fluid model in a collisional, stream-
presence of zeroth-order electric fiéfd. ing magnetized dusty plasma in the presence of zeroth-order

In high-density cold plasma, the DLH-mode arises dueelectric field including dust charge fluctuation. Two-stream

to the dynamics of negatively charged unmagnetized duépstgblllty of the dust-modes due to the_ streamlng_ of lighter
grains and the magnetized ions. If the electrons are considarticles of the plasma has been examined analytically. Dust
charge fluctuation and collisional effects on the dust-modes
) »  Nudlear S 4 Technol are studied. Comparison of the dust charge fluctuation and
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the plasma particles, i.er,>ay, wherej stands for the The subscripted, +, ande denote respectively, the dust

plasma species. In this limit the charging equation of the dusgrain, ion and electron quantities. All the remaining symbols

grain in unmagnetized plasma can be applied to the magnérave their usual meaning.

tized plasma. The continuity and momentum Eq$1)—(6) will be
The manuscript is organized as follows: In Sec. Il, fluid coupled to the following set of equations, namely: Poisson’s

theory for dust-modes is given. Dispersion relations of theequation

electrostatic dust-modes and low-frequency electrostatic 2,

dust-modes are given respectively, in Secs. Il Aand Il B. In ~eaVig=eln. —Zang—Nel, @)

Sec. Ill, two-stream instability of the low-frequency electro- quasi-neutrality equation

static dust-modes is discussed. Damping and instability of

the DLH- and DA-modes are given in Sec. IV. Comparison

of dust charge fluctuation and collisional effects between th@nd basic dust charging equation

DLH- and DA-modes is also given in this section. Finally, in dQ

N, =ng+2Zyng, (8)

Sec. V, discussions and conclusions of our results are given. d_td:|e+|i , (9)
wherel, and|; are, respectively, the electron and ion cur-

Il. THEORY rents collected by the dust grains. _ _

. . . The average electron and ion currents involved in the
A. General dispersion relation of dust-modes basic dust charging Eq9) for cold plasma can be derived

We have considered a homogeneous and uniform magj‘rom the following equation:
netized dusty plasma consisting of electrons, ions, negatively 2€,(dp— ba)
charged dust grains and neutrals. The zeroth-order electric |;=(gjnjv;)maj| 1— Tmol I (10
171

(E,) and magnetic(B) fields are in thez-direction. The
charged plasma particles have zeroth-order constant veloavhereay, ¢,, and ¢4 are the dust radius, bulk plasma po-
ties, vj,, due to the electric fields,. The neutral gas is tential, and dust grain surface potential, respectively.

taken to be at rest. We consider the zeroth-order streaming of The plasma is steady and uniforny/§t=0=d/Jx

the electrons and ions relative to the dust grains in the=d/dy) at zeroth-order state, where the electric figlg, is
z-direction. The dust charge is considered as negative, i.econstant and the velocities of the three charged components
Q4= —Z4e, with e being the magnitude of electron charge. are also constant. We find the zeroth-order velocities of the
Let us consider an electrostatic wave propagating obliquelgharged plasma particles:

to the external magnetic field with propagation vectin

lying in the xz-plane. Due to the presence of this mode eE=viMiv o, 1D
(w,K), the dust will acquire a perturbed chard@y;. The eEy=—veMeleo, (12)
theory of oblique propagation of the electrostatic wave in the

described dusty plasma is given below: €Z4oE o=~ ¥4MqV do- (13

Continuity and momentum equations for different spe-The quasi-neutral condition at zeroth-order state becomes
cies of the dusty plasma are taken as follows, respectively:

Nio=NeotZgoNdo- (14)
an—++V.(n+v+)=0, (1)  Equations(1)—(10) are linearized and the first-order quanti-
ot ties are taken to have the space and time dependence
ei(KxX+ KZZ—wt). We get
INe
W—FV.(neVe):O, (2) on.q
T+n+o(V'v+l)+(v+ooV)nH:O, (15
M LY (ngv) =0 @ 9
—_— .(NgVvg) =0, Ne1
7 — T Nedl V- Ver) + (Veo - V)Ney =0, (16
and
oNgy
YR 5t T Nao(V-Va1) + (Vo - V)N =0, 17
n+m+7+n+m+v+ Vv, +kT,.Vn, —en,E
Ny
—en,v,XB=—v,n,m,v, , (4) m,Nio T+(V+0'V)U+1 +kT,Vn,;—en, E;
KTeVne+enE+enyveXB=—vneMgVe, (5) —en; Eg—en, v XB,

g =—viMiN Vi —vemyng Vg, (18)

nddeJrndmdvd.VvdJr kKTyVng+ezZyngE+ezZyngvygxX B KT,V Nt €My + e Eo+ eMugvey X B
e e o] (0] o'e (0]

= = vgNgMgVy . (6) = = VeMeNegVe1 — VeMeNe1Veo (19
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(KE+K)(Qg+ivg)?—Klod
C[(Qutivg)?— i (Qytivg)

+eZyng Ext+engovy1 X By The perturbed velocities of the specigs,in the case of an
unmagnetized dusty plasma can be obtained from 8gs.

Vg1
— +(Vgo-V)Va1

MgyNyo at

+kT4Vng, +eZyngoEr

=~ vgMygNgoVa1~ ¥dMaNd1Vdo (20) (3) and are given by
le ni, O
_Sovzd’:e Ny1—ZgoNgy t+ ?ndo_ Ne1 |, (21 Ujlzn%l ?] (30
jo
dQq; Using the perturbed quantities from E0), we get the
. letlin (22 perturbed dust charg€q;, from Eq.(22) as
1 |n Nep U
where =il | — |1 _Tet TFop 31
2e & Qun | eol Kvio|Nto MNeo Veo )
e.
lj1=e Wa(zj(njovjl_l' Njwijo)| 1+ _sz_o) (23)  Using the value oRq; from Eq.(31), we get the linearized
Mjvjo Poisson’s Eq(21) as
We have considered th&tng,=Vn, ,=Vne,= ¢,,=0 and e iB Neo iB
because of zeroth-order constraitits,|=|lo]. 1= 2| N I — T e 1
Let us define the Doppler shifted frequency due to the © ro e €0
streaming of the charged particles @s =w—K,v .4, Qq
=w—Kuge, aNd Qe=0—K,veo, Whereveg, v o>v4o- ~ZdoNa1 |, (32

From the linearized continuityEq. (15] and momentum

_ 1142 ;
[Eq. (18)] equations for the ions, we obtain, respectively, Where 8=([lecl/e.)(Ngo/Neg) = 10" "magng,C. and theip
terms are arising through coupling to dust charge fluctuations

Neg which result as a response to collective plasma perturbation.

Oy =K1t K g, (24) The dispersion relation for the electrostatic dust-modes
is then obtained from Ed32) by putting the value of, 4,

and Ne1, @andng; from Egs.(26), (27), and28), respectively. The

dispersion relation is then given by

Nio

X-componentiQ) ; +iv, vy —lwei vy

2 .
—KC2e, —K.elm, ¢,=0, 1 @p+R ( iB neo]

T KAQ,—CIR) |7 Kuio i
y-componentQ , +iv )v iy +iwc v 145=0, (25 - . )
oy I8 wpdl
z-componenitQ , +iv_ v, ,—K,C2e . —K,elm, ¢;=0, K2(Q+iC2F) Kveo) K2(Qq—C3L)’

where the ion thermal velocityi =kT,/m, and ion cyclo- (33

tron;:g%“;gi%%;ﬁfég’+we get where the plasma frequency of the speciesis wj;

= njejz/somj . The dispersion relation of E33) of the elec-
en, Re; trostatic dust-modes in collisional, streaming magnetized
=5 —~2p- (260 dusty plasmas is the basic one for the analysis of low-
m.(Q,—-CiR) )
frequency electrostatic dust-modes.
In a similar manner, from the linearized continuity and mo-

mentum equations for the electrons and dusts we obtain
B. Dispersion relation of low-frequency dust-modes

neFME— (27 Analogous to the dust-acoustic wave, we consider the

Me({2e+iCeF) presence of a low-frequency electrostatic dust-mode below

and the ion-cyclotron frequency propagating nearly perpendicu-
larly (K2>K2) to the external static magnetic field in the

_ eZyongol &y (28) magnetized dusty plasma where the dynamics of the dust

Ny=——r—7— 4 . .
di My(Qg— CﬁL) ’ particles may play an important role. In this case, we assume
that the dust-mode under consideration satisfies the follow-

where ing conditions:

_ (Ki’l' Kg)(Q++iy+)2— ngic O gR0<0i<wee KCy, K,Cr<w<kK,C,.
[(Q++iV+)2_w§+](Q++iV+) ,

Under these conditions, the highly charged and massive dust

(K24 K2) 24 K202 grains can be taken to be col€{=0) and unmagnetized
F=—2 5~ Vez che, (29)  (@cg=0). lons are cold €, =0), but strongly magnetized.
(vet wge)ve Electrons form a hot Boltzmann gas at temperaflife As
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mg>m;, me, collision of dusts with neutrals may be ne-
glected (4=0). Under these conditions E¢33) gives the

dispersion relation for our required dust-modes:

wZIwZDM—iﬁ’—ivﬁr—iVé, (34)
where

(Klw5, /K203 0+ (054 QF) o?

1+ UKA\Ge + Kiwh, [K2wl,

2 _
Wpm~—

(39

(K>2<neow3+/ng+on+ow§+) w?+ (1/K3er)\2De) »?

B=8 1+ (IKAZY) + (K20, IK?w?,) '
(36)
, (K§w§+/K2wg+Q+) w? a7
T IR UK+ K2l KWl
and
(Qe/KZKAECE) »?
v e z De“e (38)

= 14 .
© oL+ KA + Kwh, [K?wh

The dispersion relation of Eq34) has been used for the
analysis of the properties and instabilities of the electrostati
dust-modes below the ion-cyclotron frequency in the follow-

ing sections.

IIl. TWO-STREAM INSTABILITY

To discuss the two-stream instability of these dust-

modes, we conside8’ = v/ =v,=0. In this case Eq(34)
becomes

0*—Bw®+Cw?’+Dw—E=0, (39

where B=2K,v_,, C=K%? —w? E=KZ2 wi/A, A
=1+ UK2\3, + Kiw3, /K20, and w?=(1

+Kwj, IK?whg) w5/ A. For simplicity of understanding,

p

we have consideredy,=0, because of the heavy mass of

dust grains compared to ions and electrons.
If K,v,o>w, thenC>B andE>D. Thus, Eq.(39) re-
duces to quadratic equation as follows:

0*+Cw?—E=0. (40)
Two roots of Eq.(40) are as

wi=—3C+(;C+E)"? (41

w5=—3C—(;C+E)"2 (42)

Islam et al.
¥2=[3C+(;C+E)V]"?
=E<K§vio—w2>+ %(Kfvio—wz)
N ngiowsd )1/2 vz 43
1+ UK + Kiw) /K2w?,

On the other hand, ib>K,v,,, thenC becomes negative
andC>E. Thus, Eq(39) reduces tav?’=C, and there is no
instability.

Thus, the two-stream instability of the electrostatic dust-
modes below the ion-cyclotron frequency in streaming dusty
plasmas, which propagate nearly perpendicular to the exter-
nal magnetic field, arises only when the ion streaming veloc-
ity exceeds the parallel phase velocity of the wave.

IV. DLH- AND DA-MODES
A. Damping and instability

For simplicity of the analysis of low-frequency, low-
phase velocity electrostatic dust-modes in the magnetized
dusty plasma, two important cases of dusty plasma are con-

éidered: case A: high-density dusty plasma and case B: low-

density dusty plasma. In either of the cases, we have ne-
glected the zeroth-order velocity of the massive dust grains,
ie., Udo— 0.

1. Case A: High-density dusty plasma, i.e.,
w5 0Z >1KAAG,

In this case, the dispersion relation of dust-lower-hybrid
wave can be obtained from EB4), which is as follows:

202 14 Kg w§+w2 ) Neo®? i w?
W= Wgn K22 02| —veg—
K (1)de+ KU+OI’]+0 Q+
2 2
e @ (44)
“We 2 2~2v2 2
K K Celpewp +

where g, = wsqws, / wf, = 0f 024(ZaoNdo/N o)

The natural DLH-mode can be obtained from the above
equation whenv,,=B=v,.=v,=0. When B=v/=v/
=0, butv, ,#0, then the two-stream instability of the mode
will occur providedw>K,v,, and the growth rate of the
instability can be obtained from E@¢43). The second term
on the right hand sidéRHS) of Eq. (44) presents the dust
charge fluctuation of the DLH-mode, which gives the damp-
ing of the mode. From the third and fourth terms of the RHS
of Eq. (44), it is seen that if either ion or electron streaming
velocity exceeds the wave parallel phase velocity, then the
collisions of ions or electrons with neutral gas atoms/
molecules gives destabilizing effect provided the dust charge

The rootw? is positive real quantities and therefore there carfluctuation is negligible.
be no temporal growth or decay of the amplitude of dust-

modes. On the other hand3 is a negative real quantity.
Therefore,w, has two imaginary valuegne positive and 2
one negative The positive imaginary value o, corre-
sponds to an unstable mode and the growth rate of the mode

is given by

Case B: Low-density dusty plasma, i.e., 1 [|K th,e
2 2
wp+/wc+

In this case, the dispersion relation of dust-acoustic
waves can be obtained from E@4), which is as follows:
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2 w2+w2 w2 It is found that only the streaming velocity of ions is

w?=K2wd, 1+ K; 592 —iﬁK coupled directly with the DLH and DA modes. In the ab-
@pd?*+ Veo sence of dust charge fluctuation and collisional effects, two-

_ w§+|<2)\%ew2 Q02 stream instability of the DLH and DA modes occurs when
vy 2. 0 —Ive K2C2' (45 the ion streaming velocity exceeds the parallel phase velocity
e zTe of the respective mode. It is also found that the streaming
Wherew%A=C§w§d/2wﬁe. energies of ions and electrons are coupled with the mode

The natural DA-mode can be obtained from the abovehrough the collisions of the particles with the neutrals.
equation wherj,=B=v, =v,=0. Wheng=v", =v,=0,  Through this coupling, a low-phase velocity wave can take
butv,,#0, then the two-stream instability of the mode will the particle streaming energy. Due to the gain of energy,
occur providedn>K,v ,, and the growth rate of the insta- amplitude of the mode will grow. Therefore, the collision of
bility can be obtained from Ed43). The second term on the the streaming particles with the neutrals can destabilize the
RHS of Eq.(45) presents the dust charge fluctuation of themode. It is found that if either ion or electron streaming
DA-mode, which gives the damping of the mode. From thevelocity exceeds the wave parallel phase velocity, then the
third and fourth terms of the RHS of E#5), it is seen that collisions of ions or electrons with neutral gas atoms/
if either ion or electron streaming velocity exceeds the wavenolecules give destabilizing effect on the DLH and DA
parallel phase velocity, then the collisions of ions or elec-modes provided the dust charge fluctuation is negligible.
trons with neutral gas atoms/molecules gives destabilizin@ust charge fluctuation gives the damping of either of these
effect provided the dust charge fluctuation is negligible.  modes. For negatively charged dust graims,/ng,<1.

Therefore, ifv, o /Veo~1 andKz)\%e~1, then it is found that
B. Comparison of dust charge fluctuation and the charge fluctuation and collisional effects on the DA-
collision effects between the dust-modes mode are much greater than those of the DLH-mode. Hence,

The ratios of dust charge fluctuation and collisional ef-the DLH-mode is more stable compared to the DA-mode.
fects between the DLH- and DA-modes can be obtained !N conclusion, itis stressed that the results of the present
from Eqs.(44) and (45) and are given by investigation should be useful in understanding the various

properties and effects of extremely low-frequency electro-

Boa _Nio V4o static dust-modes in a laboratory dusty magnetoplasmas.
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