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Shielding of dust grains at the edge of an equilibrium plasma
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It is pointed out that in a bounded dusty plasma in local thermodynamic equilibrium, the sheath electric field
can very effectively shieldhighly charged &10% for typical low-temperature plasmadust grains from the
wall region.[S1063-651X97)01007-§

PACS numbsg(s): 52.40.Hf, 95.40+s, 95.55.Pe, 96.50.Gn

Many plasmas in spadd—4] and the laborator}5—8], as We assume that the plasma medium is one-dimensional
well as charged colloidal fluid®—12], contain submicron or and in local thermal equilibrium. Since there is usually no or
larger-sized particles that can vary their charge according tgery little direct contact among the dust grains, the latter are
the potential difference between their surface and the adjsassumed to be equilibrated via long-range Coulomb interac-
cent medium. They can be massive and highly Chargeg'ons[ﬂ] and/or collisions with neutrals. The region of in-
(10°e or more, so that new time and space scales appearterest lies betweer=0, where the potential is taken to be
Such multicomponent systems are generally referred to a&ero, and the boundafyvall or the edges of other shealtfas
dusty plasmas. In the earlier studies, it is usually assume¥,>0. In order to better observe the behavior of the dust
that the dusts are cold and stationary, of constant charge, agains in the DS, we set the boundary condition at the edge
not in thermodynamic equilibrium. However, for collisional of the unperturbed plasma insteadxqf.
or long-lived systems, the dusts can also be thermalized and In local thermodynamic equilibrium, the densities of the
achieve Boltzmann density distribution. As dusty plasmagarticles are given by
are ubiquitous, they can cover a wide range of parameter
values. However, typical spad®,3] and laboratory[5,6] Ny =njoexp(—aq;¢/Tj), @
dusty plasmas studied recently have electron temperatures 0

o o, lon and Gusand neualempeaures o order 1)1 4140 dent slecton, o i cis resec
0.1 eV or lower(room temperatupe plasma densities of or- Y ] P b '

der 18° cm 3, and dust charges up to %0 The dust tem- The subscript 0 denotes quantities evaluated<ad, where

perature is usually the same as that of the ions or neutraléﬁzo' Effects arising from the neutral particles shall not be

. considered.
For colloidal plasma$9,10], one usually has room tempera- The average grain chargg(x) depends only on the local
ture and a relatively small colloidal chargas low as a few 9€ g 98 P y

clectonic charges T o curerts g o e gein
In this paper, we consider the electrostatic shielding of 9 P

. > .~ jts surface and the adjacent plasma. Thus, the grain charging
dust particles near the boundary of a plasma containin . o i
. . : rocess is close to the ion time scale. We invoke the electro-
Boltzmann electrons, ions, and dust grains. It is shown th

highly charged grains do not generally affect the pIasmaStat'C probe modef18] for charging, in which the steady-

sheath electric field13—-15, which is determined mainly by State grain charge IIS determined by a balance of the grain
the electrons and ions. However, they form a separatgu”ents' Accordingly,

sheathlike structure of their own. The reason for this phe- | +1.=0 )
nomenon is that, because of their large charge, the dust dis- et

tribution is very strongly affected by the still-weak electric \yherel, andI; are the average microscopic electron and ion
field at the sheath edd&G] The dust denSIty Shea(DS) IS currents entering the grain. They are given by
much narrower than the plasma she@®9 supporting it.

Thus, the dusts are kept away from the wall region and have |;=mr?q;(8T;/mm;)¥n,W,, 3
a sharp density gradient. Depending on the temperature and
behavior of the ions, the classical plasma and/or ion sheatwhere — m; (j=e,i) are the masses and
[15] can still exist between the DS and the wall. On the otherr <\ .= (T /4me?ngy) Y2 is the grain radius. Fogy<0, cor-
hand, if the dust charge is low, then the usual Debye-likeresponding to a negative grain-surface floating potential rela-
shielding for a multicomponent plasma occurs. It is alsotive to the adjacent plasma, we hawé=expeq/rT,) and
shown that gravity can significantly affect the DS. W;=1-eqy/rT;, and for q4>0, we haveW,=1+eqy/
rTe andW,=exp(—eqy/rT;).
Thus, the microscopic grain currents depend on the local

*Permanent address: Institute of Physics, Academia Siniceglectron and ion densities, as well as the potential difference

Beijing 100080, People’s Republic of China. between the dust surfadbere at the floating potentjahnd
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FIG. 1. Dust shielding foa=b=1, f=2, andR=500. FIG. 2. Dust shielding foa=b=1, f=1.01, andR=10.
the local plasma. A convective charging termyd,qq,  trons and ions. However, because of the large dust charge,

where vy is the velocity of the dust grainhas been ne- the dust density is strongly affected by this potential. In Fig.
glected, since the charge variation caused by the grain disk, we present the potential and densitiesderl, f=2, and
placement within the timéon the ion time scajerequired R=500. We see that in the DS, which is localized at the edge
for charging the dust to the floating potential is much smallerof the PS, the dust density drops sharply, together with a
than that due to the grain currents. According to the probemall decrease of the charge magnitude. The dust charge
model, the electrons and ions are continuously being lost teemains constant in the PS, bidhe few remaining grains
the dust. But they can recombine at the dust surface and th&n become heavily charged toward the wall. Thus, small
resulting atom then re-enters the plasma and is reionizedlust particles are well confined to the center region of the
such that equilibrium is established. In obtaining B2), we  plasma. This phenomenon is consistent with the traditional
have assumed that the dusts are sufficiently small and ragoncept of Debye shielding, as the effective Debye length
efied, so that dust-dust correlations and ion-trajectory intergiven by)\=()\e_1+ )\i_1+)\d_1)‘1, where\; and\ 4 are the
ception by neighboring dusts can be ignored. On the otheion and dust Debye lengths, is dominated Xy (<\g;).
hand, there exists recent theoretical and experimental evimmediately to the right of the DS, we have~n,,
dence[8,17] that the Vlasov and fluid descriptions may alsony~0, and ¢=<0, the effective Debye length is given in

be valid for highly correlated grains. terms of the ions and electrons, and if the ions are also
The system is completed by the Poisson equation cooled, a second sheath region, namely, the normal ion
) sheath 14], can exist between the dust sheath and the wall.
di¢p=—4m(en—en,+nyqq) 4 On the other hand, in some spdd#é and colloidal[9,10]
) . plasmas, the dust grains can be very large but the charge low,
for x>0, and  the  neutrality  condition g4 thatR can be much smaller. In this case, the contribution

€Np— €MNeg+ Ngolao=0 for x<0. _ _ _of the dusts to the sheath edge could be significant in the
Equations(2) and(4) are coupled, nonlinear, ordinary dif- oion of interest, wherd<1. Figure 2 shows the potential
ferential equations. We introduce the normalized quantities

X=x/Ne, DP=—ed/Ty, Qy=eqy/rT,, and define
f=n;g/ng anda=T,;/T,. Note that the normalization for 15.0
X is chosen for mathematical convenience. The actual char-
acteristic spatial scale is closer to tllecal) dust Debye

length, which can be much smaller singgis usually large 10.0
and T4 low. Combining Eqs(1)—(4), one obtains

dib=—-e %+ fe¢/a—(f—1)§—dexp(QdRq>), (5)
do

o
=1
.

a
1+a

¢ x 1000

o oTer

0.0 =

®(Qq) = [—a+Qqg—In(a—Qq)] (6)

Potential and dust density

for Qy<0, where a=In(fym,/am;) and R=rT§/e2Td. . ‘ .
Within the probe model for dust charging, a solution for 0.10 0.20 0.30
positivelycharged grains does not exj49]. X

For plasmas withT,~1 eV andr~1 um, one has
100<R<1000 andQq=qqT./eRTy~10 for g4~10° e FIG. 3. Dust shielding layer when the gravitational force is in-
andT4=0.1eV. Thus, the last term in E(p), corresponding  cluded. Only the electrostatic potential and the dust density in the
to the contribution of the dusts, is usually negligible, so thatdust shielding region are shown. The other quantities do not vary
the PS potential is determined solely by the equilibrium elecsignificantly in this region. Foa=b=1, f=2, R=500.
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and density distributions foa=1, f=1.01, andR=10. We  Most existing theories and simulations on crystal formation
see here that the sheath electric field is affected by all théhe phase transition problgrassume that near the transition
particles and the DS is no longer clearly separable. We alspoint the system should be in or near thermal equilibrium.
note that the DS is considerably wider than that in Fig. 1.Thus, electrostatic dust confinement of an equilibrium dusty
Here, the sheath profileexcept for the variation 0Qy) is  plasma discussed here is particularly relevant. However, for
similar to that of a two-ion plasma. investigating crystal formation, other effects, such as charg-
If the surface exerts a graVitational force on the dUSting asymmetry arising from ion-orbit intersection by neigh-
grains, the result can be significantly altered. Adding a graviporing dust grains, must be taken into consideration. On the
tational potential term ta\y results in the appearance of @ gher hand, the result that gravitational effects can be very

term +CX, whereC=A\mqg/Tq andg is the gravitational — jnnortant for dusts in plasmas is especially significant for
accelerauor(here taken to be the Earth/so the e>.<ponent!al experiments on dust crystal formation in weightless condi-
in the last term of Eq.(5). For heavy particles with tions [26]

my=10"° g (C=1), the gravity dominates over the electric

. S . ; Finally, we point out that the result here is of significance
forces in determining the dust density and the electric potenélls0 for charged colloidal systerfs1, 17, In particular, it is
tial. For lighter particles withmy=10"1° g, the effect of g y 4 N P ’

ravity can be of the same order as or smaller than the ele demonstrated that highly charged colloids can be well
g y %hielded from the container wall by the DS electric field, so

g;?eé?sm:r.el?ncﬁllj%eg’ VHV;:hg;’]‘I’ ath‘;aaeg:’]";”e)r(e) ?erai\g;atig)nalthat their physical and chemical interactions with the wall
. , only 9 could be ignored.

shown. It is clear that for the given parameters, confineme
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