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Surface waves at the interface of a dusty plasma and a metallic wall
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Electrostatic surface waves at the interface between a low-temperature nonisothermal dusty plasma and a
metallic wall are investigated. The plasma contains massive negatively charged impurity or dust particles. It is
shown that the impurities can significantly alter the characteristics and damping of the surface waves by
reducing their phase velocity and causing charging-related dam|84§63-651X98)03608-3
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[. INTRODUCTION trolling the dust and impurity problems in many discharge
configurations in technological processes as well as in fusion

Recently there has been much interest in impurity andgystems(limiters and divertorswhere the presence of dust
dust particles in low-temperature plasmas. Such particles ca@nd impurity particles is unavoidable.
appear as a result of erosion of the confining wall in fusion In this paper we investigate the electrostatic surface
devices[1,2]; they are also inherently released in plasma-€igenmodes at the interface between a low-temperature dusty
assisted material processing such as etching or polishing ¢dasma and a metal surface. The linear dispersion relations
they can be polymerized in the gaseous phi@sed). Be-  are obtained for bo.th constant and varlab!e dust cha_rge§. Itis
cause of their heavy charge and mass, the dusts can strongipown that for typical discharges used in the applications,
affect the plasma properties and cause disruption or brealhe impurities can significantly affect the surface wave prop-
down in some industrial processes. It is thus often desirabl8rties.
that the dust grains be controlled or removed from the oper-
ating plasma volume. In fusion devices the impurities can be
removed by divertors. In industrial processes they are depos-
ited off the substrate or blown off by gas or plasma streams. \We investigate the effect of dugimpurity) particles on
In all the processing and dust removal schemes a stringefifie dispersion characteristics and damping of electrostatic
control of the dust dynamics is crucial. Such control can besw propagating at the interface between a dusty plasma and
realized by, for example, externally applied electromagneti metallic wall. Two cases, for dusts with constant charge
fields and/or the fields of the natural eigenmodes of theand dusts with variable charge determined by the coupling of
waveguide structure. It is therefore important to understan%e dust-charge relaxation process and the SWs, are consid-
the natural and driven surface waves in a dusty plasma. ered.

In the literature on the collective phenomena in dusty |t s instructive to first consider the electrostatic potential
plasmas much attention has been paid to the volume, or bullistribution and the dispersion properties of electrostatic SW
waves in infinite plasmas. It is fourld@-12] that the dusts in plasmas containing constant-charge dust particles or im-
can strongly affect the eigenmodes by causing frequencpurity ions. We assume that the isotropic plasma with ther-
shifts, anomalous dampings, instabilities, etc. On the othefal electrons is bounded at=0 by a metal surface, which
hand, surface waveSWs at the boundary between dusty js assumed to be perfectly conducting. The plasma contains
plasmas and metallic Wa|||;§l.3] have not been considered. massive dust grains with an average constant Chqlzge
The problem is of practical interest since such interfaces are- |z e, wheree is the magnitude of the electron charge.
unavoidable in the plasma processing of metal surfi@ss  The dust charge is negative since the dust grain tends to
well as at the limiters and divertors in fusion devidds.  collect many more electrons, which are much more mobile
Furthermore, SWs in plasma-metal structures can be used f@fian the ions because of their small mass. The dust size is
the production and sustainment of rf and microwave disyuch smaller than the electron Debye length and the dis-
charges employed for material processjdg]. As the SWs  tance between the plasma particles. Thus one can treat the
possess a tangential electric field component whose magniyst grains as massieompared to the plasma iongoint
tude is of the same order as that of the normal componeniasses with constant negative charge. The finite pressure of
their electromagnetic fields can be used for the drive anghe electron gas shall be taken into account and the plasma is
control of ion and dust flows. The latter are crucial in con-zssymed to be strongly nonisotherm&,% T, ,T4). The lin-

earized equations describing the oscillations can then be

written as
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8t5j+ vj5j=(qj/mj)é—V$j€nj Ing; ) The second boundary condition can be the va_nishing of
the normal component of the electron fluid velocity in the
SW field atx=0 or vq,(x=0)=0. This boundary condition
VE=4772 ajn;, 3 is widely used for describing bounded plasmas and is of
J good accuracy for well-polished dielectric or metal surfaces

. . . 15,16. In terms of the SW potential, we have
where the subscript=e,i,d denotes the electron, ion, and [ 8 P W v

dust quantitiesm;, q;=Z2;e, Z;, ng;, n;, v;, andVy; are A (1—r2.€iqV?) ply—0=0 9
the mass, charge, charge numbecluding the sigh unper-
turbed and perturbed densities, and hydrodynamic and thegas the second boundary condition.
mal velocities, respectively; arfl is the electric field of the Using the boundary condition&) and (9), the solution
SW. In the unperturbed state the quasineutrality conditior{7) leads to the dispersion relation
Zinjo=nNgo+ Zynyo is satisfied. Considering electrostatic per- )

. - S . . K,= k(w/ wpe)*, (10
turbations(E= —V ¢, where¢ is the electrostatic potentjal P

propagating in the direction and assuming that the waves here the collisional losses are neglected. Here, analogous to
behave like exp(kz—wt)], we can easily derive the dust-free casfl3,17], the SWs exist in the frequency

regimew?; < w?<w?.. Moreover, the skin depths; and,

=(€iql4me)V2, 4 : .
Ne=(€ig/Ae) V7 @ satisfy A ;>\,~TpeV€q. The SW eigenfrequency can then
. ie ) i be expressed asw{w,e)?=K, pev'eig. We also note that
Ve ooy [Vo—r13V(eqgV2P)], (5)  Vpn!Vre~ 0l wpe\/€iq, WhereVy, is the wave phase velocity.
e e

In the limit ng=0 the corresponding dust-free dispersion re-
lations[13,17] are recovered.

For plasmas containing negatively charged dusts the elec-
tron density can be lowered compared to the dust-free case
by a factory=[1+ (Ngo/Neo)Zgo]*'2. This implies that the
SW wave numbek, will be larger, corresponding to a de-
crease ofVy,. This decrease of the wave phase velocity in

where  €4=1+xit x4, Xj=—w,2)j/w(w+ivj), w%i
=47re22j2nj0/mj , vj are the effective collision frequencies,
andrp, is the electron Debye length.

Substituting Egs(4) and(5) into Eq. (1) for the electrons,
one obtains for the SW electrostatic potential

»2 turn leads to the possibility of a more effective interaction
e+ —Te_v*.eidv* V2¢=0, (6)  between the SWs and the plasma particles in the gas dis-
w(w+tive) charge. It also causes more prominent realization of the non-

) ) ) ) linear effects, since the efficien¢¥8,19 of the latter is pro-
wheree=ejq+ xe . Equation(6) is a fourth-order differential - qrional to Ve/Vyn, Where Ve is the electron oscillation
equation and it yields the following solution for the plasma frequency in the wave field. In the presence of dust particles
(x>0): the electric skin depth\; decreases and the thermal skin

B(x) = Arexpl — k,x) + Aexpl — kX), 7) depth), increases.

where A; and A, are constants andx2=k§—ew(w l. EFFECT OF CHARGE VARIATION

+ive)/Vie€ig . We note that Eq(7) implies that there are e now consider the effect of the dust-charge variation
two characteristic SW skin depths, namelsy=k;* and  on the SW at time scales comparable to the SW period. The
N,=«"1. That is, in a plasma with finite electron pressuredust-grain charge is assumed to vary according to the micro-
the electric field of the SW consists of a superposition of thescopic electron and ion currents entering the dust grain.
fields A; and A, due to electrostatic anglectron thermal  These currents are caused by the potential difference be-
effects, respectively. The field, is localized within the re- tween the grain surface and the adjacent plasma. Since the
gionx=<\; and it usually defines the value of the SW field in time scales of dust charging and the SW are much smaller
the plasma volume. The localization region of figdd is  than that of the dust motion, the dust grains shall be taken as
significantly less, that is\;>\,, since\, is usually of the immobile. The basic assumptions and governing equations
order of several Debye lengths aid is of the order of a are the same as for Sec. lll, except that now the dust charge
wavelength. Although the thermal part of the SW field isqq is no longer constant. For simplicity, the effect of colli-
negligible in the plasma bulk, it is important for the electro- sions shall be ignored, as it can be added in the final disper-
static potential near the interfaf&3]. The solution(7) van-  sion relation. The electron, ion, and and dust grain tempera-
ishes forx— oo, tures satisfyT.>T,;,T4. To be consistent with the dust
To obtain the dispersion relation of the SW, two boundarycharging model, the ion temperature shall be treated as finite.
conditions are necessaf{5,16. One of them is obtained However, the characteristic velocities of the process studied
directly from Eq.(6) by integrating it over a narrow interface are much higher thak'y;.
layerx=[ —o,0] with c—0 or The process of dust charging is described &y10]

#(x=0)=0, €S) didg=1e(dq) +1i(qa), (11)

so that the tangential component of the electric field vanishewhereqq is the average charge on the dust grain kitdg)
at the plasma-metal interface. andl;(qy) are the electron and ion grain currents. The dust
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quantitiesqq, |, andl; are perturbed such thaly=0q  where €y=¢€[1l—iae//e(w+ivy)]. From the electron
+dq1 andl ¢ jy=l(eiyot 1 (e,i)1- The stationary dust charge is continuity equation(1) one obtains for the SW electrostatic
given by g4o=C(¢g— ¢o), WhereC=a(l+alrpy) is the potential

grain capacitance is the particle radius, and;— ¢, is the 2 2ien s oo

steady-state potential difference between the grain and the [€'+(vTdw ) Viey]V9=0, (22)
adjacent plasma.

. . . . I— i ! i — 2 2
The stationary electron and ion currents flowing into theWhere €'=e—iae//(o+ivg) and e=€—w,/o®. Equa-
grain can be written ag8—10] tion (22) also admits as a solution expressi@, but with

replaced byx’, where k'?=k2— €' w?/e/u2,. The disper-
l o= — mae(8T e/ mMe) ' Neggexl e( g — o)/ Tel, sion relation for SWs at the plasma-metal interface for the
12 variable dust charge case is thien K’(w/wpe)z.
The general dispersion relation for the coupled SWs and

lig=ma?eZ(8T;/wm;) n;o[ 1—e(¢g— o)/ Ti], 13 the dust-charge relaxation mode can be written as
(0= KV whee) (0 +ivh) = —iakiViws,, (23

which are equal in the unperturbed state and also define the

floating potentialp,. The perturbed dust charge is governedwhich also describes the coupling between the two modes.

by The solutions of Eq(23) for the SWs v, ;) and the purely
damped dust-charging mode{) are

diQa1+ verda1= — |l eolNe1 /Neot [1io/Niz /Mig,  (14) " 0
w1,2:(|kz|VTewpe)l/25i (1— avipA) —ialky | Viewpeei A,
where (24)
1 1 “l_p.(,*2 iy
ver=ell ot e (15 where A ~1=4¢(v52+|K,|Vrewpeei?), and
e i~ €040 . x4
w3=—i(ven—avy B), (25

is the grain-charging ratg9,10]. Here the perturbation ion

current caused by the low-frequency surface wave is to pwhere3 1= kﬁV%wSeei— v -
calculated from the two-fluid theory, which for the case con-  Similar to the constant dust-charge case, the SWs acquire
sidered is appropriate since the phase velocity of the SV frequency downshift due to the presence of dust. However,
significantly exceed¥, andV+; [20]. For lower SW phase there is also an additional damping of the SWs because of a
velocities more accurate expressions can be obtained frogpupling to the charge relaxation mode. Furthermore, the

kinetic approachefs,21]. expression for the latter mode also suggests that the charging
From Egs.(1)—(3) we obtain the perturbed electron and rate v, decreases whea> v, and increases if the opposite
ion densities inequality holds. However, numerical estimates show that
the inequalityw> v, is usually realized because generally
Ner=(€l4me)V2h—Z41Ngo, (16)  the SW eigenfrequencies are larger thag and v}, is sig-

nificantly less thanw,,; .
ni1=—ZiengV2e, 17)
Whereei=1—w§i/w2, wp; is the ion plasma frequency, and V. APPLICATIONS
Z41=0q1 /€ is the perturbation dust-charge number. Substi- We now estimate the effect of the dust grains on the SW
tuting Eqgs.(16) and(17) into Eq. (14), one obtains the dust phase velocity using typical parameters for dust-containing
charge relaxation equation plasmas. For the case studied we hsfyg* niZe« 412 where
y¥2is the relative variation of the wave phase velocity with
[l eol & 2 respect to the dust-free case. For the estimates we take two
4reng . (18) sets of parameters that are relevant to rf plasma-assisted
deposition processes and gas-target divertors, respectively.
wherev},= vey+ a is the dust-charging frequency, which in-  For plasma-assisted deposition processes we hag
cludes the correction due to the electron density perturbatioflgo~2X 10° cm™3, ne~10° cm™3, SiO, particles witha
a=|l¢|Ngo/ENeg, ande’ = 1_(w;23i/w2)(1_1/72)- ~5um, Te~2eV, andT;~0.3 eV, for a rf discharge with
From Eqs.(18) and (17) it is easy to obtain the expres- the frequencyw/2m~13.56 MHz in an argon plasma. To

sions for the dust charge, electron density, and the fluid veestimate the charge of the dust grains we ts&e=(¢q
locity —¢p)a(l+alrpe), which is valid for a conducting sphere

[23] in the electrostatic approximation. Assumirg— ¢,
i|leol€/ V2 ~10 V and noting that<rp,, we haveZy~7x10% Tak-
(19 ing into account that the charge of the réadually dielectric
and not perfectly conductingdust grain is less than that
given by the electrostatic approximatigsy, for the numeri-
cal estimates we take the slightly lower valdg~5x 10%.

R . R Under these conditions we have=[1+ (ngyo/Neo)Zg]*?
ve=i(e/Mew)[Vp—13V (V)] (21)  ~3.32. Therefore, the SW phase velocity is approximately

didar+ verda1=—

Qa1 =~ dmeng(w+ivy)’

Ne=(€/4/4me) V¢, (20
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1.8 times lower than in the dust-free case. It should be noted VI. CONCLUSION
that the analogous effect for ion-acoustic SWs at a dusty

plasma-dielectric interface is>~1.8 times higher24]. To summarize, in this paper we have considered the effect

Moreover, if we assume~1 um, thenZy~10° and y of massive and heavily charged dust particles on the propa-
~v3.1In 'Ehis case the SW phas;a velocitti/ would be 1_lggation of SWs at the interface between a warm plasma and a

times lower than in dust-free plasmas. That is, smaller dude®rfectly conducting metallic wall. It is shown that under
grains have less effect on the SW properties. certain conditions the effect of dust grains in a plasma can be

Typical parameters for a gas-target divertor configuratioanite important. I_n general, the dust causes a reduction of the
[25] are T,~20eV, T;~3eV, ngyp~2X 102 cm3, Ho SW phase velocity and a dust-charging-induced wave damp-
~0.15 T, a~5 um, andngy~10° cm~3. One then obtains iNg. When the dust charge can be treated as constant, the
for the SW phase velocity a factor 2.26 decrease. Therefor@hase velocity of the SWs in dusty plasmas is less than that
dust particles can also affect the physical processes near tloé the dust-free case with the same parameters. When the

divertors of fusion devices. dust-charge variation is taken into account, a coupling be-
tween the wave and the dust-charge variation process takes
V. DISCUSSION place. This coupling leads to a frequency downshift as well

as an additional damping of the SWs. The damping can be
comparable to the collisional damping. It is also found that

larger dust grains can affect the properties of SWs more
strongly. These phenomena can have a significant impact on
SW produced and maintained plasmas that are often used in
the industry. In particular, the decrease in the wave phase

ion currentg13) flowing into the grain. This balance leads to
velocity leads to the possibility of a more effective interac-
, (26)  tion of the SW with the plasma particles. Such an interaction

€0go|  Nio [ Time|™? €0do
eXp(CT )Zn_(T m-) (1_ﬁ
€ e0 L Terl ! is essential for the efficient operation of SW produced and
which yieldsqgp. sustained discharges. For the same reason, similar effects can
For nitrogen plasmas witif,~10 eV, T./T;~10, n,,  be expected for the divertor configurations. On the other
~10" em 3, ng~5x%10'° cm 3, anda~5 um one obtains hand, there are still many factors, such as the structure of the
€040/ CTe=(e/Te)(dg— ¢o)~—2.35, which leads to the near-wall plasma sheath, shielding of the dust grains, reli-
stationary value of the grain chargg,=—2.35(T./e)a. ability of the present dust charging model, and size and mass
We then have Zg=qq/e~—-9%x10* and a~8 distributions of the dust grains, that could also affect the SW
x 10° sec’ L. Thus the basic assumption about the weaknesproperties and have not been accounted for. More detailed
of the coupling between the SW and the dust charge relaxheoretical and experimental studies of SWs at the dusty

ation mode is easily satisfied for the typical SW-generatoplasma-metal structure interface are therefore warranted.
frequencyf =13.56 MHz(or ®=8.5x 10" sec}).
The dust-charging rate, is also significantly less than

It is still necessary to justify the weak coupling approxi-
mation >« used in the derivation of the dispersion rela-
tions. The equilibrium grain chargeyo=—|Z40/e can be
deduced from a balance of the stationary eleciiti) and

the SW eigenfrequency for the same set of parameters. In ACKNOWLEDGMENTS
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