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Lower hybrid drift wave in a plasma in the presence of dust particles of variable charge
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Lower hybrid waves in an inhomogeneous plasma with dust particles of variable charge have been theoreti-
cally estimated. An expression for growth rate has been obtained, which shows that the growth of such waves
can be controlled by an appropriate selection of number of parameters, viz., the external magnetic field, the
density inhomogeneity scale lengths, and charge on dust parfi§i&863-651X97)07510-7

PACS numbdps): 52.25-b, 51.50+v, 82.40.Ra

[. INTRODUCTION ticles can be charged by a combination of different processes
such as solar ultraviolet radiation, plasma currents, and field
Dust particles can grow in plasmas during microelectronieemission. Dust particles in a plasma can charge up to various
fabrications or in surface processing reactors and remaiwoltages with respect to the plasma depending on the ambi-
electrically suspended there until they fall to a surface anant conditiong11,12. Therefore, the presence of dust par-
contaminate if1]. This “particle contamination” is a crucial ticles in a plasma modifies its collective properties. Dust par-
concern in the manufacturing of microelectronic devices. Al-ticles are often negatively charged by plasma currgh®
though modern clean rooms have reduced contamination, Busty plasmas are basically characterized by electrons, ions,
is not generally recognized that the production tools and proand dust particles. These dust particles are very small and are
cesses often contribute the major share of particle contamheavily charged due to various procesgb$,15, viz., elec-
nation. Present day plasmas are used extensively in semicomen attachment, photoelectric emission, and secondary exci-
ductor manufacturing for material etching, deposition, andation. Therefore, the electric and magnetic forces on the dust
surface treatment. Suspended particles have been observedyedins plays a significant role on their motion. But research-
the plasma-sheath boundary in etchi®, deposition[3], ers on dusty plasmas generally consider that the charge on
and sputtef4] plasmas. When electrostatically isolated par-dust grains is fixed, which is not true in reality, and the
ticles are exposed to a plasma, they rapidly develop a potewariation of charge on dust grains shows an alternative di-
tial equal to the plasma floating potential, balancing the fluxmension to the research on dusty plasmas. Jana, Sen, and
of positive and negative charges of the partithd. Since  Kaw [16] have pointed out that during a collective oscilla-
electrons are the primary carrier of mobile charges, the parion, the charge on the grain is not fixed but fluctuates due to
ticles acquire a net negative charge, as confirmed experimethe oscillation of the self-consistent plasma currents flowing
tally [6]. These charged dust particles interact by means ofto the grains. It has also been experimentally observed that
their Coulomb repulsion and therefore form a strongly cor-the charge fluctuation of dust particles can quite reasonably
related system. Dusty plasmas, in contrast to ordinary plasaffect the plasma dynamics. Therefore, it is necessary to con-
mas, contain an additional species of large dust grains adider the dust charge fluctuation in a problem of dusty
radii in the range 10°—10 ® m. These particles are found plasma to make it more viable for practical situations.
to become negatively charged and the magnitude of this Most of the theoretical analyses of dusty plasmas assume
charge is of the order of #6—1CPe for micrometer-sized that the charge on dust particles is constant. The variation of
dust particleg7]. The presence of these massive and highljthe dust charge had been pointed out by researchers several
charged particles can significantly change the collective beyears agd17,18. However, the effect of dust charge varia-
havior of the plasma in which they are suspended. It is als¢éion on the study of waves and instabilities has begun only
known that when dust particles are immersed in a partially orecently[16,19-21. Very recently, the grain charge fluctua-
fully ionized plasma, the charge characteristics of dust partions have been verified experimentall22—24 and also
ticles makes them a special component of the plasma. Ongith the help of computer simulatior25,26.
characteristic of dust particles is that they can be highly Again, many studies have been made for the unmagne-
charged Zy=qq4/€e) and another is that the charge on dusttized plasma, but only a few researchers have studied dusty
particles is not constant, i.e., it can fluctuate and also changeglasmas in the presence of a magnetic f{@d,28. None of
if the dust density or plasma conditions change. Thereforehem have considered the charge variation on dust particles.
this process should significantly influence the collectiveBut the time-dependent currents associated with the self-
properties of the plasma, where the Coulomb interactionsonsistent electric and magnetic fields of plasma modes flow
play a dominant role. onto the surface of the dust particle and therefore, the dust
Actually, plasmas with dust particles have become an imeharge in the presence of plasma modes becomes a time-
portant field of research after the encounters of Voyager witllependent variable. Thus it is not surprising that astronomers
Jupiter, Saturn, and Uranus and of the Vega and Giott@nd industrial researchers have investigated many physical
probes with Halley’s comet. Now we know that the planetaryprocesse$29—31] of dust particles.
rings and cometary tails contain large dust components of The class of low-frequency electrostatic waves in magne-
micrometer and submicrometer siZés-10 and these par- tized plasma is fairly extensive. Among these low-frequency
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waves, drift waves merit special attention due to their role indensity of dust grains is not very high. The number density
enhanced(anomalous plasma transport across magnetic of electrons and ions is much larger than the number density
fields. Drift waves were predicted by Rudakov and Sagdeewf dust grains(e) The frequency regimes considered here is
[32] and experimentally corroborated by D’Angelo and Q;,Q¢<w<Q¢;  KzVig<kzVii,kzVie<w; and o
many other researche33]. Farengo, Gudzar, and L§84] <K, Vy,k, Vig<k, Vie, Where () represents the gyrofre-
have analytically investigated the lower hybrid diitHD)  quency and the subscripts L, andt represent the direc-
instability for a# pinch experiment. Recently, using a kinetic tion, the direction perpendicular to the magnetic field, and
approach, Benkadda and Tsytovidi35] estimated the the temperature, respectively. . .

growth rate of a different type of drift instability, driven by Using these assumptions, the dispersion relation for three

the process of dust charging. They found that the growth ratdifferent casegdue to variable charge on dust partigless
is comparable to or much larger than the usual drift instabileen obtained. The fluctuation of the charge on dust particles

ity, even for a low dust density. We have obtairi6] simi- actually modifies the total current density of the plasma.
lar results when a small percentage of heavy ion was present
in a two-species plasma. In that papaé] the energy calcu- [l DISPERSION RELATION

lation shows that the energy carried by the mode, due to the

inclusion of a heavy ion, is very large. <. KVig<koVg KVie< . and @<k, Vi K, Vig

The lower hybrid wavgLHW) is also useful since it is . ) .
one of the best suited waves for the plasma heating. Sinc;l;tir;/rt]e ar|1_| der:fug,:ecdgg tfrrc?r?l}lreenCgelr?clizrsge;gﬂgntrt]zer:]c;n r?g';ic
the frequency of this wave is not very high it is necessary tao ; y q : . 9
effects on the ions and dust particles can easily be neglected.

use special kinds of antennas and slow wave systems. As th ence the electrons of the system are considered to be mag-

inserted power level is rather high, nonlinear effects appea hetized. whereas the ions and dusts are unmaanetized. A ho-
ing at the plasma boundary become important. To give some ' o . S gnetized.
ogeneous magnetic field) is applied in thez direction,

insight into the way the LHW propagates one would expec{" > ) L . .
thegi]ons to oscillatg at the plagmg f?equency when the zlecv-vhIIe the inhomogenetity in the density occurs in the perpen-

trons are completely immobilized by the magnetic field.d:CUIar d'r%Ctt'r?n K. tﬂeredwebhﬁl(ve T:or_lgédered a floy(\;mg
Since, however, the electrons undergo a polarization driftP azn][a :;n .]? zeroTh-orb elrk tu ve ()tc'_é@l are |c0n5| d
they act as a background dielectric medium with a dieIectri«‘Tére 0 b€ uniform. The bulk temperaturésare aiso uni-
constant [1+ (w,./Q.)?] to modify the frequency to orm (wherej=|,.e, or d). If the. zeroth-order num.ber den-
(00 2= (@p) 41+ (wpe/ 2], Where, is the electron SIY Moy oceurs in thex direction, we do not find any
cyclotron frgquency anpcb,_H is the lower hybrid frequency. contribution ofVy n thex d|r§ct|on and th|§ velom_ty termis
If the wave vector has a small parallel component, the elect-felr(‘ _IE:aI:_ed/ the dl?]magLne_tlclldnft ;elo?gy, \_Nh'ﬁh ;501
trons oscillate along the magnetic field, leading to the fol-= (kpTicL;)/€By, whereL;=(1/ng;)(ong;/on) is the den-
lowing dispersion relation for the lower hybrid wave? sity mhpmogenelty scale Iength gnd a constant guaptlty
= (w )4 1+ (M/m)(k/k,)?] [37]. The energy deposition a;:png WIthBQ, TJ ?]ndvojl. Again, smce_thehpertdu_rbat_lon in
via coupling of the lower hybrid wave into the plasma hastN'S gystem IS Isot 1erma ant; occurs in thex direction,
been described clearly by Sti8]. The lower hybrid wave the dispersion relation for a constantand constank can be

has been extensively studied by many researdtg&s4q. found for a wave propa_gatin_g in the perpendicular d!rection
The LHD instability is driven by cross-field currents in only; the excited wave in this case, a LHD wave, will also

the presence of an inhomogeneity in the density. This instalfOPagate in the direction perpendicular the applied magnetic
bility has received considerable attention as a mechanism fdf€!d: 1-€.. in they direction. With the help of continuity
anomalous transport during the post-implosion phases of raj£duations, equations of motion, and Poisson’s equation for

idly pulsed  pinch experiments as well as a mechanism foreach Specieg.e., for ions, electrons, and dustse obtain an

producing flute perturbations during the implosi@#, 40. equation for the density of electrons that satisfies the drift

Farengo, Guzdar, and Lé®4] have analytically investigated 2PProximation; to give
the effects of a finite parallel wave number and electron tem-,

We have considered the frequency regifig, Q) <w

perature gradients on the LHD instability in the parameteraT;‘Jr = VOeVLne_CnOe%V' (Vgxz +eneVe
regime of a# pinch experimen{41]. In studying the LHD 0

instability they did not consider the effect of dust particles. )

In addition, their study is based on kinetic theory, whereas €MNge 9" 5 2o 2 C 0

the derivation in this paper is based on a fluid approach that * Q3 at? Vi¢=VieVm, B, dt (V$x2)-Vnge

is clear and concise. Since the plasmag pinches are col-

lisionless with respect to the LHW, a collisionless treatment 4

e c
+—V,0-Vnpet =— =5V, é-Vng,

of the LHD wave has been done. Me By dt?

The following considerations have been made for the
present problem of dusty plasma(a) The charging of dust 2 Vne Vg, -0 )
particles is due only to electron attachment and ion collection te Noe '

currents. The other charging processes, viz., photoemissions

and secondary radiations, are negligitliel The dust par- wherek?Vi<Q3; in other words, if the thermal velocity
ticles are spherical in shap@&) The radii of these dust par- exceeds the gyrofrequency of the electrons, the system will
ticles are equal. This is a reasonable consideration when thet be able to show any magnetic effect. After linearizing
radii of these grains lie in a narrow randge) The number Eg. (1) we find
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_ ot [(0=kVoo? , Ky(o—kVoo) , 5 py ZaendMVi ©
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i _ 2
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le-e Wher% Azsne_[(snd“eob/eﬂ]a P:[(Zoendd’olleOH/
(detdﬂ)], le_[snd||e0|/e77]i €ne=Noe/Ngi s &ng

= Nog/Ng; aNdZy= (g€
wherek?L ¢k, Vi = (ksT;/m)¥2 Q= (q;Bo)/mic, and ~ od'"0 ANC<a™ Goal®

Lj=(1/ng;)(dng;/6x) are the drift frequency, thermal ve-

locities, gyrofrequencies, and density inhomogeneity scale o, ik
lengths for each species. mini(kJ_+L_ w? mVZ(A,—iP;)
; ; ; . e ASTACAN 1)@
Now we obtain the expression for, andny by Fourier (A, —iP,) e 5
transforming the continuity equations and the equations of MeViele MeVie
motion for the ions and dust particles to get
ik
21,2 -1 2kJ.V0€ ki+_y 2
elé Noi ¢ ki Vi Le Ky . m; Vi
L L Yt _ _
n= 51— 5 ©) X 5 L +B—iP.+ >
mi(w—Kk, Vo;) (w—k Vo) Qe ele MeVie
ik
2 y
and (kﬁ T kkV
. 0
X(A;—iPy) | kKZ—K2 V5, 02 - lQeyl_ee
e
Nod M Z3engVs
Ng=—17 [Aadbot PUaol- 4 ——7— =0, ™
detzd 0 0 mevtze
Again, the dynamic equation connecting the self-consistent
dust charge fluctuation is given tj§6] where Ar=¢net[(iendleol) ek Vo, B,=1+
[('fnd“eOD/ekL\Z/Od]a and P1=[(Z4enacbol
leol) 7k, MgVogVigl; and
dag ni  Ne
W+77Qd_||e0| o Moo’ )
ik
where 7=[(e]leo)/CI(L/Te) + (Uwg)], wo=Ti—edor,  mMViAw| K+ 2| (2 >
C(=a) is the grain capacitancé, is the temperature of the s e/ tz' 5
jth (ith or eth) particle,n; is the perturbed densityy; is the MeViekT Qg MeViekt
equilibrium density |l | is the equilibrium electric current,
o IS the equilibrium grain floating potential, amg is the .
dust charge fluctuation. 2 iky
After linearizing Eq.(5) one can take three different con- _ T |__e kyAz
ditions: (a) steady-state charge fluctuatigh) spatially vary- X | (2AK Voe=iP3) —=7——
) ! : Q Qcl,
ing charge fluctuation, an¢c) temporally varying charge €
fluctuation. For these three different cases three different per- , iky
turbed dust densities have been obtained, respectively. With mV2A (ka Tl Kk kv
the help of equations for densities of each species, along with — | — 42 | k2 k2\/2 i L7y 70e
21,2 2
isson’ i meVeks |72 "t 0 QL
Poisson’s equation, we get eVieK| ele
ik
2, Y
. iP,mV2 (kﬁ L ) k
2 of 2 Ky T | 2k, Vg — ’
mVi(A+P)w| ki + L] mVi(A+P)e kT meVie e Q2 QL.
e | I
MeVickE Qg MeVick?
B ZienamiVi | ImViP,
[ 2KVoe ( 2, |k_y) K CArP) mk2V2 20 mgV2, kZmgVZa,
Qé oLe) Qele mekivtze ik
. k2 + -y
MVE(A+P)VE. [ ik,)  MVE(A+P)kVoe s aes T Le KiK\Voe|
T A\202 L 2 X kz_kJ_VOe 2 + _|P2:01 (8)
meVieQs Le MeViek Qele Qg QL.
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where A,=epe—[(iendleo)/€w], By=1—[(ieng)|leol/ linear lower hybrid wave(as given in[37]) from the first
ew)], and P,=[(Zge nacboll eol)/MaViy]- root.

These are three dispersion relations for three different
conditions considered here. For a uniform, quiet, and dust- lll. GROWTH RATE
free plasma, the dispersion relation reduceswfo=w,[| The growth rate of the excited lower hybrid drift wave in
+ (K2m; kI mg) + K2 AZ{I + (wpe/ Q) %] where),; is the ion  a plasma with variable dust grains can be estimated for three
Debye length. Atk?A7[I+ (wpe/€2e)?]<1, we obtain the different cases from Eq$9)—(11) as

2

2 2 2 2
k0,0 P Vie ke | Voo | ZondMeVie | o) (e K
LV (A+P)VE T mok? ki Qele (A+P)MGVE o\ L2 ©
Y= T2 2 2 2 2 12 )
kiQg; [B+P mevte+ﬁ+ KyVoe B ZiMeendVie 22
k4+k§ A+P mVZ K2 Kk LQe (A+P)mMgVZ[ "t70e
1L T2
Li
K2t kikyV(Je . ,
Qi‘Q’e mk z LeQe VleQe Pl A k2+ Plky 7(P szAlky miZdSnd+i
2 Ty meL. A P2 |2\ T\ T T T mgVE, TV 2
2 kj#»fg ti
e
Y11= 2 2 2 252 2 2 21,2 172
VteQekyplAlﬂi Qg { ( kK, KyVoe MVie [AKTZgeng  BiPik B,P.kT  P1Zgendk P1kT
+K2V2 — — 5 (2| K+ —2 | + + LN + Y=
V2L (A2 P2)| Kt + y Lo k4+ky T LeQe AT+PT | mgVi mVile  mVi mgVile MV
titelM1 1 1L T2 LT 2
Le Le
(10
and
2 2 2 2
Qeﬂi |: kykzmi kyVOe Vtekiky PZkL ky klkyzdsndmi} " P2V09
2 2 2 -
2 k4_|_ ky mekJ_Le QiLe VtiAZLe AZQiLe meAzLe A2
1L T2
Le
Yo = 7 707 52 2 2 2 (11
QO lmthekl Zgendk] 5, K KyVoe kyP,
2 2 2, 2
<k4+ky) m;V5A, A, z QgL k{LgA Q¢
1L T2
Le

From these equations it can be inferred that as the charge dwelp of generating dust particles inside the system, which
dust particles increases, the growth rate, in all cases, for thgenerally happens in all plasma machines, and as the charge
lower hybrid drift wave will decrease. Therefore, the quan-on dust grains increases the growth of the excited wave will
tity Z4 is one of the controlling parameter of the system. Thedecrease. In this problem, the variation of the charge on
electron density inhomogeneity scale length also affects thgrains is due only to electron attachment processes and the
system in such a manner that its increment will decrease theffects due to secondary radiations or photoelectric emis-
growth of the excited wave. The number density is also aions have not been taken into account.
crucial factor that is related to this growth of the lower hy-
brid dr_|ft wave in the presence_of charg(_ed dust particles in a IV. RESULTS AND DISCUSSION
complicated way. The streaming velocity of electrons will
directly enhance the growth of the excited wave. The number The excitation of lower hybrid drift waves has been de-
density of each species is responsible for the variation in theived in a plasma with dust grains of variable charges. These
growth rate of the excited wave. The external magnetic fieldcharged dust particles are generally available in all plasma
directly affects the growth of the excited wave in such asystems. Following a general formalism that involves solv-
manner that its increment will enhance the growth rate of theng hydrodynamic and electromagnetic equations, the ex-
LHD wave as the gyration of each particle thereby increasesression for the dispersion relation of the LHD wave has
Therefore, by taking a strict measure towards these paranibeen obtained. It is to be emphasized here that the dust
eters, one can easily control the excitation of the LHD wavegrains are massive charged particles inside a plasma system,
in a plasma with dust particles of variable charges. so since the system is a collection of charged particles, it will
Thus it can be inferred from the present work that thisreact with the dust particles to restructure its dynamical be-
type of drift wave inside a plasma can be stabilized with thehavior. Also, since these dust grains are very massive, the



56 LOWER HYBRID DRIFT WAVE IN A PLASMA IN THE . .. 5845

low-frequency instabilities in the system will be encouragedso as to get more growth of excited wavés) The thermal

due to their presence. In this problem, the charging of dusenergy of the system is also responsible for an increment in

grains has been considered only through their interactiothe growth rate of the LHD wavegyv) The charge on dust

with the plasma current. Other processes for the charging ajrains affect the growth as well as the frequency of the ex-

the dust grains, such as secondary radiation or photoelectriaited wave.

emission have not been taken into account. The estimation Finally, all three cases considered here describe the fact

for the excitation of the LHD instability, in this paper, has that the excitation of the lower hybrid drift wave in a plasma

accounted for the variable charge on dust grains since mostith a charged dust populatiafwhere the charge on those

of the current observations show that the dust particles insiddust particles varies with time or spads dependent on the

a plasma system have a fluctuating charge. number of quantities. Also, pointsv) and (v) stated above
Looking at the expressions for the growth rate and fre-are interdependent. Therefore, while controlling LHD waves

guency of the LHD wave, the following general observationsone should be very careful about the interdependent compo-

can be made. (i) The number density of each species di- nents.

rectly affects this growth instabilityii) The streaming ve-

I00|ty_of each particle a_ffects the system. Slr_1ce the streaming ACKNOWLEDGMENTS
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