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Fluid theory of the boundary of a dusty plasma
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The motion and distribution of charged dust grains under the action of electrostatic and gravitational forces
near the boundary of a dusty plasma are investigated. It is shown that when gravity is negligible, a spatial
localization of the dust can occur. For heavier grains, gravity enhances this localization, and causes a stratifi-
cation of the dust density. For even heavier grains, the stratification disappears since the grains are pulled to the
wall by gravity.[S1063-651X97)01804-7

PACS numbgs): 52.40.Hf, 52.25.Vy, 52.35.Sb, 52.55.Dy

I. INTRODUCTION 1. FORMULATION

We consider the wall region of a one-dimensional station-
Dust particles are frequently observed in spiced] and  ary (9,=0) plasma. The electrons are assumed to be hot and
laboratory[5—11] plasmas. In the past several years, muchn thermal equilibrium. The ions and dust grains, whose tem-
attention has been paid to collective effects in dusty plasmageratures are usually much lower than that of the electrons,
[12-20. Dust grains are often found to be localized near theare assumed to be cold. The variable dust charge is deter-
plasma boundary where the electrost4ES) force balances Mined by the electron and ion currents entering the grain, as
the gravitational and other forcé®1]. They can also coagu- governed by the potential difference between the grain sur-

late [22,23 or form Coulomb crystal{24—26. Heavily face and the local plasma. Other effects, such as secondary-

charged dust particles can thus significantly modify theelectron and photoelectron currents associated with possible
structure of the boundary plasma high-energy electrons and intense UV radiation, will not be
' considered.

u;:lzti\\?:” L:?]g:rr;tg; dt\;\:)or—(;:;]pon:;ltgglaggssmrllasthl;een The bulk plasma, which includes both the presheath and
9 y vy ' Y, source regions, is located <0, and is assumed to be

ES.shea.ttm of du:tytplﬂsmagswas stuclilled ffor d)tm?m'c du uasineutral. The details of this region, including sources,
gralns Wi co'nrs] an .Cb?rqh ], as Wei %S r?r sta |0nahry particle acceleration by a weak presheath electric field, and
ust grains with variable charg29]. In both cases, the g grayitational action on the dusts, are not considered here.
gravitational force on the dust is ignored, so that the existingrj,o region of interest lies betwean-0, where the potential
results are applicable only for very light grains or at wallsig taken to be zero, and the wall. The location of the wall can

which are in the verticalparallel to gravity direction. How-  pe anywhere in the regior>0, and is determined by the
ever, in many realistic situations the dust grains are heavyyg|| potential or other boundary conditions.

and the region of interest is perpendicular to gravity, so that The density of the thermal electrons is

the latter can play a significant role on the dynamics of the

grains. In the present paper, we study the dust dynamics in Ne=NgoeXP(e/Ty), (1)

the wall region by taking into consideration both the ES and

gravitational forces on the variable-charge grains. It is foundvhere ¢ is the ES potentialg the electron chargeTl, the

that gravity can cause a strong stratification as well as localelectron temperature, and,, the electron density at the

ization of the dusts near the plasma boundary. Furthermorsheath edgex<=0. In the following, the subscript 0 shall

if the sheath size is sufficiently large, the region immediatelydenote quantities evaluated»at 0.

adjacent to the wall can be completely depleted of electrons, The ions, treated as a cold fluid, are accelerated in the

and the dust grains can eventually become positively chargeeresheath region to a mean velocity, at x=0 by a weak

there. presheath electric field. In the absence of dusts, it is well
We use the standard fluid mod@[7] for the sheath, treat- known that v;, must exceed the ion acoustic speed

ing the plasma electrons as hot Boltzmann particles, and thas=(Te/m;)*?in order for the sheath solution to ex[&7].

ions and dusts as cold fluids. The variable dust charge i¥/sing the continuity and the momentum conservation equa-

determined self-consistently by the plasma currents collectelons, the ion density can be expressed 24

at the grain. In Sec. I, the formulation of the boundary prob-

lem is presented. In Sec. Ill, we study the case of small n=nql1— 2e¢) 1 ©)
(light) grains, for which gravity can be neglected. The effect Fo mivizo '

of gravity on the sheath structure is investigated in Sec. IV.

Our results are summarized and discussed in Sec. V. wherem; is the ion mass.
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The dust grains are collectively treated as a cold fluid. d>2<¢:_477[e(ni_ne)+ndqd]: (8)
Possible forces on a dust grain are electrostatic, gravitational,
as well as ion and neutral particle drig@fl]. The ES force is and the neutrality condition
proportional to the grain radius in the probe model because
of the linear dependence of the grain charge on radius. The €(Njo— Neo) + NgoGao="0 ©)
gravitational force is proportional to the cube of the radius.
The ion and neutral particle drag forces are proportional tJor the L!npe.rt.urbed p_Iasma Bt=0. . . o
the square of the grain radius as well as the ion and neutr% For simplicity, we introduce the d|menS|pnIess quantities
fluxes. Thus the ES force is dominant for small grains, while, . —e¢/T, and Qd=eqd/rTe, and normalize the coor-
for heavier grains, gravity can have an appreciable effect OglnateXZX/)\e with respect to the electron Debye length

- 20 112 i i
the dust dynamics. The ion and neutral drag forces could b e= (Te/4meneo) = We also define the ion and duf,tz Mach
mbersM;=uvjo/Cjs, wherej=i,d. c4s=(z2Tc/mgy)~* is

effective for large grains and high plasma densities, but the u i s 5
shall not be considered here. We assume that the dust grai dust acoustic spee[dZ], and z—rTe/g is the QUSt
charge number &@4=1 (i.e., when the floating potential on

are accelerated to a veloci at x=0 by the electric and ) i o : .
Béo y the grain surface i§¢/e). In addition, we define the dimen-

gravitational forces in a presheath region. Thus the conse . - ., S )
vation equations for the dust are sionless “potential energy” of the grain in the ES field,

®
Ngv 4= NgoV do () ‘I’=f0 Qqd®,

Mav 40w a= = Qgdxd+mag, ) \hich leads to a considerable simplification of the formula-

whereg is the gravitational acceleration, ant; andvgy are tion. Accordingly, the densities can be written as

the mass and mean velocity of the dusts, respectively. In the

n
above, we assumed that gravity is toward the wall, although Nezn—e:exp(—CD), (10
for the opposite case one only needs to change the sign of €0
g. n: 2P —1/2

The dust chargey is determined by equation Ni:_': 1+ 7z , (12)

i0 i
vgdydg=let1i, ©) —12
Ny 2¥  2u

which describes charge conservation. The charging currents Ny Ngo 1+ M_§+ ng : (12

originate from electrons and ions hitting the grain surface.

According to the orbit-limited probe modg21,30, the elec-  where u=g\./c3; is a measure of the gravitational effect.
tron and ion current$, andl; flowing into the grains are The Poisson equation becomes

determined by local electron and ion densities, as well as the

potential difference between the grain surface and the local dZ® = —Ne+fN;— (f—1)N¢Qq/Qqo, (13
plasma. The grain current from the Boltzmann electrons is
[1,21] wheref =n;y/ny is the ratio of ion-to-electron density at the

sheath edge.

5 8T, 12 As mentioned, the dust charge is determined by equating
le=—mr7e| | neWe(qa), (6)  the electron and ion grain currer(® and(7). With the help
© of Egs.(10) and(11), the relation between the potential and

and that from the cold ions {®1] dust charge can be written as

2eq, ®=—3Mi[M;—af(M-2Q)exd — Q]  (14)

Ii=77r2enivi(l——2>, (7)

rm;v; for Q4<0, and
wherer is the grain radiusW,(qy)=expea/rTe) when _(2¢+Mi2)[ani—eXp(—q))] 15
0g<<0, andWe(qq) =1+e0qy/rT, whengy>0. We note that Qd_Zani-f-(Z(I)-f- M2)exp(—®) (15

the characteristic time for dust motion is of the order of tens

of milliseconds for micrometer-sized graip$8], while the  for Q,>0, whereQ,=Qq— ®, and a=(7m./8m;)*? is a
dust charging time, or that for the grain to be charged fronoefficient which is approximately 0.0146 for a hydrogen
zero to the(relative to the ambient plasm#oating potential,  plasma.

is typically of the order of 10° s [31]. Within the time of The function¥ for Q4<0 can be obtained analytically

charging, the displacement of the grain is thus negligibleyith the help of Eq(14), yielding
compared to the spatial scale of the problem. It follows that

the charging process can be treated as a local phenomenon, V=3{®%+ afM;[G(Q}) — G(Qqo) 1}, (16

and the convective term on the left-hand side of &j.can

be neglected. That is, we havg+1;=0, and the grains are where G(y)=[(M2—2y)(1+y)—2]exp(-y), and we used

always at the floating potential. the condition® =0 andQy=Qqo at X=0. ForQ4>0, ¥
The system is completed by the Poisson equation can be obtained by numerically integrating E45). The
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FIG. 1. Variation of the normalized charggy and ES energy FIG. 2. The critical ion and dust Mach numbers vs the ion-to-
¥ of the dust with respect to the normalized ES potendafor electron density ratid =n;y/ney. HereM 4= 2.5 for theM; curve,
f=1.5 andM;=1.5. andM;=1.5 for theM curve.
variation ofQq and¥ vs @ is given in Fig. 1, which shows Ve=1—exp —®), (18
that Qq4 increases monotonically witkb>0, while ¥ de-
creases monotonically witkb, until Q4 becomes positive Vi:_fMiz[(1+ 2q3/Mi2)1/2_ 1], (19
and the electron density vanishes.
Equations(10)—(13) form a complete set of ordinary dif- (f—1) o 112
ferential equations for the sheath problem. They are highly V4= a1+ W) —1}, (20
nonlinear, and are exact within the basic assumptions. How- Quao d

ever, because of the explicit dependencé\gfon the coor-
dinateX, one cannot in general obtain a quadrature. A roug
estimate of relative importance of the ES and gravitationa
forces can nevertheless be made by lookingPaand the
coefficientu in Eq. (12). For an argon plasma, the magni-
tude of the dimensionless dust char@q, is around 3.9.

I%/vhich represent the contributions from the electrons, ions,
Fmd dust particles, respectively.

The potentialkb is obtained by integrating Eq17) from
® =0 to the(floating wall potential, which determines the
location of the wall. Prior to the numerical solution it is
Since the dimensionless ES potentialis of the order of 1 instruc.tive to look at the proper.ties of thg sheath structure by
the functionV is of the order of 4. On the other hand {he analyzmg the Sagdeev potentl_al. we f|2rst note that bounds

~12 for @ exist. The lower bound i =—M;/2, at which the

H H R — 2 —3/2,
magnitude ofu is given by u=2.74x 10 *pqT, " ey, ion density becomes infinity. The upper bound is determined
wherepy is the mass density of a grain in units of g i by ¥= —MS/Z which corresponds to an infinite dust den-

andr andT, are in units ofum and eV, respectively. If we ™ . . . "
° » b y sity. Using a small-amplitude analysis, the condition

takepq~3 gem 3, T.~1 eV, andng~10° cm™3, we have B ) . )
1=0.262. Thus, for micrometer-sized grains, gravity is %Vso atd =0 for the existence of a solution requires the

comparable to the ES force at a distanceXef10, and will 10" and dust Mach numbers to satisfy
dominates over the ES force X is a few decades further
toward the wall. Sinceu is proportional tor?, gravity
quickly becomes the dominant effect in determining the dust
dynamics when the grain radius exceeds a few micrometergl.nd
In the following, we shall consider the sheath structures with
and without gravity separately.

MZ=M2_ =[-B+(B2—4AC)Y?]/2A (21

M3i=M3 .= (f—1)Q3s/(f—1— Qqo), (22)

where A=1+(f~1)Qu(My”~Qqg), B=2A(1-Qu)
lll. SMALL PARTICLES —f+2(f—1)/Qqo, and C=—2f(1—Quo) —4(f—1). Note
In this section, the dust particles are assumed to be smalfat for f=1, corresponding to the dust-free case, one ob-
(light), such that the gravitational force is negligibiee., ~ tains Mg =0 and M; =1, which is consistent with the
uX<V for the region of interest In this case, Eqs(10)—  Bohm criteria for a two-component plasna7]. Figure 2

(13) can easily be integrated to the quadrature, gives the ion and dust critical Mach numbers as functions of
the ion-to-electron density ratio We see that botM; ., and
(dy®)?+2V(d)= Eé, (17) Mg ¢ first increase and then decrease withThe fact that

M; 1 means that there must exist a larger accelerating
whereE, is a possible small presheath electric field and isfield in the presheath region than that in the dust-free case in
taken to be effectively zero here. The pseudopoteribal order for the ions to acquire the energies needed to overcome
Sagdeev potentiaN=V_ .+ V,;+V consists of the ES dragging of the slow dust particles.
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particles is observed for other parameter values. The local-
ization is caused by a balance of the ES forces on the grains.
] Since near the sheath edgé=0) the force is directed to-
ward the unperturbed plasma or presheath region, it tends to
decelerate the graingvhich are moving toward the wal

and cause their accumulation within the sheath. The accumu-
lated grains in turn contribute to a negative ES field which
. eventually offsets the positive field, leading to a dust density
maximum. The localized dust grains act as a virtual wall for
the electrons and ions. In the absence of field-aligned gravi-
tational forces or particle drag, this virtual wall is symmetric
on both sides, so that the solution exhibits a solitonlike spa-
tial profile [32].
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IV. EFFECT OF GRAVITATION

When gravitation is included in Eq12), the method in

) Sec. lll fails, since the corresponding Sagdeev potential can-

FIG. 3. The Sagdeev potentidd(®) vs ® for f=1.5 and ot pe ghtained. However, for not too large grains near the
Mg=2.7, at two differeniM; values. sheath edge such thatX<1, we can still use a similar
] ) ] analysis to understand the qualitative behavior of the
Figure 3 shows two typical Sagdeev potentials forygriation neaix=0. Accordingly, in this limit the dust con-

f=1.5My=2.7, andM;=1.3 and 1.5. The critical ion Mach - rihytion (20) to the Sagdeev potential can be approximated
number here is about 1.4. For the cdde=1.3 (<M, ), it by

is clear that no solution can exigfor Eq=0). For M;

=15 (>M; (), a double well structure appears. It is well (f_l)Ms 2(W + uX)
known[27], and is obvious from Eq$18)—(20) that, with- Vg~ [(1 >
out the dust contribution\(yj=0) the Sagdeev potential for Quo My
$>0 is monotonically decreasing. Thus, we see that th%vhich depends explicitly oiX, and is analogous to a time-

\évljesl[tsstructure on the right side of Fig. 3 is caused by thedependent Hamiltonian system. SinGe,<0 and ¥ <0

The solution is obtained by integrating E7). To start (Fig. 1, we .copclude that except when the electrons are de-
the numerical integration, a small edge electric fieldpleted gravitation tends to decrease the valud/gf Thus

dx®(0)=0.001 associated with the presheath is assume he right potential well would be deepened JMdncreases,

The ES potentiatb and the densitiedl,, N;, andNy are and steeper profilegstronger localization of @ and Ny

. g . g . : . would appear.
given in Fig. 4, which exhibits a spatially localiz¢soliton- . : .

like) structure, as is evident from the well structure of the We have numerically integrated E(L3), ?ssumlng an
Sagdeev potential in Fig. 3. The peak value ®fcorre-

argon plasma withT,=1eV, ne,=10°cm 3, and dust
sponds to the right zero af(®) in Fig. 3. Note the particu- grains of mass density=3 g/cnt. The results are presented
larly strong localization of the dust. A similar behavior of the

in Figs. 5—7. The sheath profiles depend on the grain size as
well as the parameter§ M;, and M. In addition to the
stronger localization of the dust, asymmetric oscillatory
1.6 - - - ' ' ' ; structures are observed for medium-sized grains and a wide
range of parameter values. Figure 5, in whick1um,
f=1.5, M;=1.5, andM4=1.8, shows that a strong multi-
peak structure oy appears, with the maximum value of the
last peak aiNy~20. The corresponding ES potentil in-
creases in an oscillatory manner, while the electron and ion

1/2
-1

. (23

1.4

1.2

é densities decrease in a similar manfEig. 5b)]. We ob-
<§°'8 serve that the electron density is depleted after some dis-
>oe tance. The dust charge can also become locally positive

when the corresponding becomes sufficiently largésee
Fig. 1). After the last peak, the dust density rapidly drops to
zero, leaving a pure ion sheath. Similar profiles are obtained
for other parameter values and grain radii, with either stron-
ger or weaker multipeaks. Figure 6, for smaller grains
r=0.5um and withf=1.4, M;=1, andM4=2.5, shows a
case of oscillatory behavior with weaker peaks. It is of inter-
est to point out that these dust profiles resemble those ob-
FIG. 4. The normalized ES potentidi, and the electron, ion, served experimentally in Refg5] and[6].

and dust densitiedl,, N;, andNg4 vs X=x/\, for the case of no The multilayer structure, corresponding to a stratification
gravitation. The parameters afe-1.5, M;=1.5, andM 4=2.7. of the dust fluid, is the result of competition between the ES

o
'S

0.2
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FIG. 7. Same as Fig. 5, except here 2.5um.

small and the grains are accelerated by gravity toward the
wall. This is in contrast to the gravity-free case, and leads to
a local decrease dfiy nearX=0. Away from the edge, the
(negatively chargedgrains experience an increasing ES
force which is in the opposite direction, thus reducing the
FIG. 5. The distributions ofa) dust density andb) the ES  acceleration. Still further into the sheath the two forces even-
potential and electron and ion densitiesX/$or the case including tually balance, leading to a minimum My . After this point,
gravitational effects. The grain radius iss1um and the other the ES force exceeds that of gravity and decelerates the
parameters are the same as Fig. 4 exdépt-1.8. grains, leading to accumulation of the latter. However, the
accumulation of the negatively charged dusts reduces the lo-
and gravitational forces. Physically, the phenomena can bgal ES field(consisting of a positive part arising from the
understood as follows. The variation of the dust density Witf’bharge separation of electrons and ions, and a negative part

respect toX is given by from the dusts which in turn causes a reduction of the ac-
3y a—2 cumulation. Thus arNg maximum occurs. After thatNg
dNg/dX=—N3Mq “(QqdxP + ), (24 again decreases because of the gravity and the ES (itree

where the last two terms represent the ES and gravitation ext minimum. This process repeats until the waléter-

aﬁcal ES field can even become negaliuetil it reaches the
effect;, respectively. For a given grain SIZ€, the gravitation ined by conditions thejeis reached or electrons become

two effects balance@dx® + n=0) at the density minima :

. . riction. Because of the rapid reduction of electronsXas
and maxima. Near the sheath edge0, the ES force is b

increases, a more negative ES fiéldus more dust accumu-
lation) is required to counter the positive field from the ions

8 , — - - - in the sheath. Therefore, each succeeding peak is higher than
the previous one. Clearly, the fact that the cha@g be-
comes lesgmore negative asb increasegdecreasescon-

sl _ tributes to the sharpness of the peaks.

With an increase of the grain radius, the number of peaks
in the sheath decreases until only one peak remains, followed
® by a rapid decrease of the dust density. Such a structure is
I 1 shown in Fig. 7, where=2.5um. Note that in this case the
electron density is quickly depleted, leaving an ion and dust
sheath. Furthermore, as a result of strong charge separation
2} 1 very large electric fields appear. This causes the grain charge
to increase and eventually become positive. Thus the ES
force decreases, and can eventually change its diretsimn
0 ) , ) ) . that it is the same as that of gravityn this case, both forces
0 30 60 %0 120 150 180 pull the grains toward the wall, leading to the abrupt drop in
the dust densitysee Fig. 7. At even larger grain radii, the
single peak is eventually smoothed out. Furthermore, the

FIG. 6. The profile of the dust density ¥sfor a case with grain ~ dust density rapidly drops to zero, so that a pure ion sheath
radiusr=0.5um, f=1.4,M;=1, andM4=2.5. appears. The latter phenomenon occurs because for large
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grains(or for sufficiently largeX as in the cases of Figs. 5 that the characteristic spatial scale of the dust sheath is of the
and 6, the gravitational force, which now dominates over order of a few electron Debye lengths. Roughly, the con-
the ES force, rapidly accelerates the dust grains to the waltinuous medium model holds <A\, whered=ngl’3 is
the intergrain distance. Thus, the present analysis is valid for
V. SUMMARY AND DISCUSSION nd>)\;3. On the other hand, the dust charging model, i.e.,

e orbit-limited probe model for the charging currents, is

. . . t
In this paper, we myesﬂgated the ES sheath ;trupture f?‘Estricted to at most one grain in the Debye sphere. This
the boundary of a typical dusty plasma by considering therequiresol to be larger than the ion Debye length. There-

hydrodynamic motion of heavy dust grains under the ES an . . 2 3
gravitational forces. It was shown that for small grains, for ore, thle pfresent Istudy IS iﬂplcatﬂelg <,n3d<_|_)\‘_ 1’ F\c;r
which gravity is negligible, the sheath profile resembles aexzm;?re,_ 005 a p\?sm?h Wi dew?i_d c'[n ’ e_t N t"
soliton with highly localized dust density. For medium-sized 2" j—o-L €V, e aus ensity must satisfy

. 73 -
grains, an interplay of the ES and gravitational forces cause@'7>< 10°<ny<2.4x10° (in cm ). In general, if the dusts

a multilayer structure, or stratification of the dust. For still are too rarefied or too dense, one has to use a dllscrete model
larger grains, due to the dominance of gravity over the Egor_the dqsts, or_take into ac_count charge correlation between
force, the stratification disappears and the localization WeaIJJelghborlng grains, respectiv ely. .

ens, as the grains are rapidly pulled to the wall. It should als? We have not mclud_ed ion drag ar_ld neutral collision
be noted that, although away fror=0 the ion density is orces on the_ dusF grains, t.)Oth of which can play a role
larger than the dust density, because of the large charge nur@—lsq‘ especially in the regions of dust enhancement. De-

ber the dust charge can still dominate in determining the tot ending OE the ion d%TS'tty and_tgra_lll_rr: radius, the Itotr;l ‘irt";‘]g
electric field. It is therefore appropriate to refer to such g orce may be comparaple to gravity. Thus, we expect that the

region as a dust sheath. However, if the wall is very far from 2" drag can enhance the effect of gravity. The neutral col-
x=0 (as determined by the wall conditionghe dusts can lision force, on the other hand, depends on the gas flow and

vanish. In this case the usual ion sheath remains. The duf€SSure: and can be significant if there is a large gas flux.

distributions found here are in qualitative agreement with the
experimentally observed phenomenon of dust localization
[5,6,33. The results here may also be relevant to the phe- We thank C. X. Yu for fruitful discussions. This work
nomena of dust-particle growfl34,35 and dust-crystal for- was supported by the International Atomic Energy Agency
mation[25,26€], since the regions of intense dust localization(Contract 8933/Regular Budget Fyndhe National Natural
provide favorable conditions for the latter. Science Foundation of China, the Postdoctoral Science
Our analysis of dust dynamics is based on the continuouSoundation of China, and the USTC Youth Science Founda-
medium model which requires sufficiently many dust par-tion. The work of M.Y.Y. was partially supported by the
ticles within the characteristic length. Our results indicateSonderforschungsbereich 191 Niedertemperaturplasmen.
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