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Shielding and charging of dust particles in the plasma sheath
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General physical features of the ion particle distribution function in the plasma sheath derived theoretically
and observed experimentally are used for describing the dust shielding and charging in the sheath. It is shown
that the shielding and charging of dust depend strongly on the degree of anisotropy of the ion distribution
function and on the difference in the ion temperatures parallel and antiparallel with respect to the ion flow.
Regions of “antishielding” appear both along the ion flow and perpendicular to it. The potential wells can be
responsible for the attraction of other dust particles and for the creation of dust aggregates. This effect is related
to the change of the sign of the dielectric function in the range of wave vectors corresponding to the strong
Landau damping.S1063-651X99)14610-3

PACS numbgs): 52.35.Ra, 52.35.Kt, 52.25.Vy

[. INTRODUCTION sheath self-consistently produces an ion distribution
downstream-upstream asymmetry in widfth6]. Both argu-
Most of the dusty plasma experimer|ts,2] were per- ments(the excited plasma turbulent fields and the influence
formed in the sheath region close to the wall in a gas disof the electric field on the ion distributidrsuggest that the
charge plasma. The presence of the electric field in théon distribution in the sheath should be asymmetric. This
sheath plays an important role in the dust trapping and levieharacteristic feature must be taken into account when con-
tation, since the dust particles receiving a large charge bgidering charging and shielding of dust particles.
plasma currents are strongly affected by the electric field of So far there have been few experimental measurements of
the sheath, which acts against the ion drag and gravity forcage ion distribution in the sheath. The most reliable is the
and allows the dust to levitate. The latter phenomenon servagcent investigation of the ion velocity distribution in the
as a basic process for the formation of dust clouds in risheath by means of a laser induced fluorescgéhtk These
etching plasma[3,4] and the formation of dust crystals experiments show that the general observed features of the
[1,2,5.8. i o ) ion distribution asymmetry agree qualitatively with the the-
According to the Bohm criteriofi7], plasma ions, accel- retical predictiond10] in which the effect of the excited
erated by the sheath electric field, can achieve supersonig iy, jent plasma fields in the sheath was neglected. How-
velocities in the plasma sheath. Such ion flows could excitg e, the measured absolute value of the width appears to be
L\?Qﬁ'&guil b%?ﬁ?::ﬁ?iﬁ'g?;'ﬁg; Is?nitfaﬁgﬁgt:n:jeg;(onériarr?gnl-%UCh larger than the theoretical requl0]. A plausible can-
P didate to explain this anomalous width is the sheath turbu-

tal observation$8,9]. The influence of the longitudinal ran- -
dom fields leads to the increased broadening of the ion didence. We stress that the turbulence also modifies the regular

tribution in the direction of the ion flow. In this case. the electric field in the sheath and can therefore affect the results

width of the ion distribution in the direction parallel to the of [10] n this way. ) \ )
ion flow (“downstream”) should be larger than that in the _ 1h€ important observation of the previous experiment
perpendicular direction. Thus the ion drifting distribution is [11]is that the observed width of the ion distribution perpen-
highly anisotropic. Moreover, the downstream parallel jondicular to the flow is at least one order of magnitude less
distribution should be wider than the ion distribution in the than the upstrearfor downstreamwidth. The ion flow can
opposite directior(“upstream”). This is due to the fact that thus finally appear to be moderate as compared with the ther-
the oscillations excited upstream act mostly on the downmal ion velocity parallel to the drift. The ion thermal velocity
stream particles. It is noted also that the electric field of thén the direction perpendicular to the ion drift is almost the
same as in the bulk plasma and is therefore small compared
with the ion flow velocity. The collective field that can
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moving through the ion plasm@n the frame of ions at rest  direction of the ion flow,T; is the temperature that corre-

should be rather large. sponds to the direction parallel to the ion flgwhich we call
In this paper, we propose the theory of shielding andthe downstream directionand T, is the temperature in the

charging of dust in the plasma sheath, using the ion distribudirection antiparallel to the ion flouwhich we call the up-

tion function with a marginalsubsonig velocity, which is of  stream direction Thus the ion distribution function can be
the order of the characteristic broadening of the ion distribuyyitten as

tion in the longitudinal direction. In this framework, the

physics of shielding and charging is strongly modified as n. vZ o (v—u)?
compared to the case of supertherifaald especially super- fi(12= 3/' = ex;{ — —lz— 2—) (1)
sonig ion flows. The main mechanism in our case is closely 7 (2m) vt 2vyi 2ViTiTo)

linked to the Landau damping of collective plasma perturba-

tions excited by flowing ions. whereu is the ion flow velocity,v corresponds to the ion

We will not discuss the details of the mechanism thatvelocity component along the drift direction, ard corre-
produces the ion distribution in the sheath. The main subjectponds to the velocity component perpendicular to the drift;
of the present paper is the investigation of the dust charginthe subscript 1 corresponds to the downstream part of the ion
and shielding for the ion distributions often present in thedistribution wherev>u and the subscript 2 corresponds to
sheath. Thus we use the above discussed theoretical and @Ke upstream part of the distribution function where u;
perimental result§10,11] to construct a model for the shield- .= \/T,/m; is the thermal ion velocity characterizing the
ing of the dust particle field. width of the ion distribution perpendicular to the drifty,

changed to antishielding: since the wake wave field changgocmes’ characterizing the width of the distribution function

L9 . ANY€Fownstream and upstream in the direction of the drift, re-
periodically, the sign of the plasma charge accumulation is ivelv. Finall _ i /2 is th d ther-
also changedl12,13. The dust particles in this cagef the spectively. Finally,vr .(VTl .VTZ) IS the averaged ther
supersonic ion flowcreate a potential well for neighboring mal velocity along the ion drift. We assume

dust particles. The generation of the wake by stationary dust
grains is physically equivalent to the Cherenkov wave emis-
sion in the frame of ions at regt4]. Note that the shielding
of the dust particle field can also be nonlinear due to larg
dust charge$§15]. Similarly, we expect that the dust particle
can excite a nonlinear wake. The problem of nonlinear exci-
tation of the wake field by a planar charged sheath can have
an exact solutior16], but the three dimensional nonlinear
theory of the wake field excitation is much more complicated

Ti<T,<T;. ©)

él'he linear dielectric functiom of singly ionized ions for this
distribution can be written in the form

. 1 4me® 1
e T T kurvTk, v,

as known from the theory of the wake field accelerafa. y kv k(utv) £ g 3
In this paper, we deal with the case of much losub- VT21T2 VTZi i A7V,

sonig drift velocities, which is physically different from the

wake excitation by a supersonic ion flow, as the wake fieldyherek andv are the components of the wave vector and ion
cannot be excited in this case. We show that, in this case, thgsocity along the direction of the drift, respectively, while

stopping power of ions by the Landau mechanism changeE and thev, are the components perpendicular to it. The
the ion distribution around the dust particle and produces th'Fslthe ion diétribution in thg frame gf ict)ns at rest and, fir?ally,

ion bunching as well as the local excess of positive chargeé:vT_/w - (wherewy; is the ion plasma frequenkys the
i i pi pi

around the dust particle. The latter can create potential well . . )
b b ion Debye length determined by the ion perpendicular ther-

not only in the direction parallel to the ion flow but also in | veloci . d that. in th . h
the diréction that is almost perpendicular tdriote that the ~Mal velocity. Itis noted that, in the frame of ions at rest, the

wake field has the analogous behaVib8]). Nonlinear cor-  Plasma is moving with the velocity-u and thus only the
rections to the linear shielding are also discussed in this padPstream part of the ion distribution can produce the strong
per. Landau damping.

The outline of the paper follows. In Sec. Il, the model of N order to obtain the analytical expression for the dielec-
the ion distribution is formulated and the dielectric permit-tric function, we further simplify Eq(3) by using inequali-
tivity used for investigating the shielding of dust in the ties (2). For k, /k>vrirp/vri>1 the wave vectors are
plasma sheath is derived. Section Il deals with the dust parmainly in the plane perpendicular to the ion flow. This case
ticle shielding. In Sec. 1V, the dust charging in the sheath iscorresponds to the shielding field with /r<vri/vriro,
investigated. In Sec. V, numerical results for the dust shieldl-€., in the directions at small angles with respect to the ion
ing and charging in the sheath are presented. Section VI #80W. In this narrow angular interval we can neglect the con-
devoted to the discussion of the role of nonlinear effects irffibutionk(u+v) in the denominator of the third term of Eq.
the charge screening. Conclusions are summarized in Se@) and the integration over the anglégperpendicular to the

VII. plane of the ion drift giveddg/k, -v,~—im[o(k, -v,).
We therefore find for the last term the following estimate for
Il. MODEL OF ION DISTRIBUTION the expression in front of; :

AND THE DIELECTRIC PERMITTIVITY

. . . . . k 1
The ion distribution functiorf; we use is characterized by TRVTLT2

. - 2K Ve
three temperatured; is the temperature perpendicular to the VTiKLVTi o Vi
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which means that the last term incan be neglected. Thus 1
we approximately have e=1+ 172 W(w), (12
e~1+ 2 (4 where
Thus within the narrow interval of angleg (i.e., mainly W(W) = Wg(W) —i £W|(w). (13)
along the ion flow, N
Vi We have
h< : 5
V1172
1
the shielding is of Debye character with the perpendicular ~ WR(W)= —Pj e Vydy| —— y+W N W)
ion temperature. Conditio(b) is the condition when such a y (14)
screening can take place. In the sheath region, limita&on
appears to be rather strong if indeed the ion perpendiculag,q
temperature is much smaller than the longitudinal one.
Outside the interval given by inequalit$), we can ne- 1\ w

glect the ternk, - v, in the denominator of the last term in W, (w) = 1+ —)—e w/t (15)
and the second term in the brackets of the last term canceled Vit
by the term 1?d?, thus yieldinge as

The negative sign in the imaginary part of E43) shows

47re kv that the plasma perturbations propagating along the direction

e~1+ frddy. 6)

k( V+U)VT1T2 of ion flow are amplified, while the perturbations propagat-

ing against the direction of the flow are damped. Both damp-
Then the screening and its modification is determined by thég and amplification are strong for the moderate duftof
longitudinal ion distributions. We can introduce the Debyeorder of 1 and cannot be described as the wave excitation,

length for the “averaged” longitudinal temperature since the flow velocity is subsonic. This effect is the mani-
festation of the strong Landau dampi(gjnce the amplifica-
e [(NT1+To)/2]2 @ tion is just the inversed Landau dampjng
- 41rn;e?

) ) I1l. DUST PARTICLE SHIELDING
and the relative flow velocity _ o . .
The potential of a dust particle is normalized to its Cou-

u u 1 lomb potential—-Z4e/r and can be written as

Wy = TOW,= =—Ww, 8
' V2vry ? V2V, \/E ®

é r R f explik-r) &K 16
=-—Re| ————d°k.
where 27 ke
T, The presence d/|k| in the dielectric permittivitye changes
W=U/V2vry, tET_l- 9 the screened potential in the upstream and downstream di-

rections. The is the direction we are considering for screen-
We also introduce here other dimensionless parameteigg. Let us denote the component of the wave vector along

which are used in the paper: this direction ask’. This component is equal th for the
5 downstream direction and k in the upstream direction. This
T T _Zq4e can be seen from introducing the spherical or cylindrical co-

T=

T_e' Tl_T_l’ z= aT,’ (10 ordinates irr space where the drift will be directed along the

z axis for the downstream direction and negativaxis for
The dielectric function for the screening at large angles tdthe upstream direction. The potentigl, represents the

the ion flow can be written in the form downstream potential, while the potential in the upstream

direction is¢_ . Introducingy=k, r, x=k'r (k| =k,) and

1 1+t (= _y2 r=r/d, we find
e=1+ per \/_ e Vydy
f f Jo(ysin®)y dy
1 1 2 2 2\W )2
% . . (11) (y +x%4r WR)“+(r<W,)
y+wi—i0  \t(y—w,+i0)

X[ (y?+x2+r?Wg)cog x cosd) + W,r? sin(x cosé) .
Here we defineu as being positive, then we hawe; (17)
>0, w,>0, and the imaginary part of Eq11) can be ex-

pressed as usual in the analytical form. We write the dielecThis expression is useful to find the distribution of the po-
tric permittivity e as tential perpendicular to the direction of the flow
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d):gjwdxr Jo(y)y dy 2v2 7 )
Lom o T )0 (Y2 XEH12WR) 2+ (r2W,)? Ji:ﬁ —en(xvrmaG, (21)
X (Y2 X2+ We). (18) whereG; is given by
Integrating inx is easily performed by converting the inte- N © L, w2(x+1)2
gration interval to —,+9] and determining the residues  Gi(w,t,r)= 1 \[WJ e " dx eXF{q_—)
at pole integration in the complexplane. Tt Jo !
For the directions along the drift it is more convenient to w(x+1) Jat
use the spherical coordinates and integrate over the angles of x| 1—erf ) ] + w
the wave vector N 1+t
o 20112
2 foc siny(y?+r2WgR)y dy Xf ewzxzdx{ ex%w(x—l)t)
== o P PWR P (W) 0 "
4 = sir(y/2)y dy ( \ﬁ|x—1|w>
-2 X|1l—erfl ———| | ¢, (22
W vz 19 t
o . f&) is th functi
The first integral in Eq(19) can be computed by the pole and erfg) is the error function
residue method in the complex plane, while the second one 2 rx
should be calculated numerically. Let us note that the first erf(x) = _f exp( —x?)dx. (23
term of Eq.(19) reduces to 1 in the case where one neglects \/; 0
the shielding and Landau damping, and the second term is )
completely determined by the Landau damping. From Eg.(20), we obtain for the electron current
The condition of the validity of Eqs(17) and (18) is
r, /1z|>vyi/vri12, Which defines the corresponding solid J :_%ewasz Ne exp(—2) (24)
e''e ’

angle. Thus the validity domain of Eq19) is outside the € Jr

cone defined by this solid angle. Since the latter is small, we

can use the approximation that this validity domain containgvherevr.=(T./my) 2. The equilibrium charge of the dust
directions close to the ion flow direction. This considerationparticle can be found from the condition of the zero total
can be made only because of the presence of the small paurrent, which leads to the equation

rametervy;/vry1o. Note that the linear approximation for

the screening of dust patrticles is only the first step in consid- n 1 1+P

ering the problem, since nonlinearities in the screening could Ge:n_e ﬁZGi :?ZGi , (29

be significant as it is discussed below in Sec. VL.

where u=m;/m, is the electron to ion mass ratio.

IV. DUST CHARGING IN THE SHEATH

G V. NUMERICAL RESULTS
In the sheath the charge neutrality is violated and, there-

fore, the ion and electron densities are not equal. We use the In order to investigate the dust shielding, we have numeri-
parametelP = (n;—ny)/n, to characterize the difference be- cally _calculated th_e real and imaginary parts of_ the dielectric
tween the ion density; and the electron density,; in the  function Eq.(3). Figure 1 shows that the negative values of
sheath we havé>0. We remind that the ion distribution the dielectric function will appear mostly in the range of the
functionf; is characterized by the three temperatdfesT,,  Strong Landau damping and will be present only for the
andT,, and is given by Eq(1). moderate drift velocities. The appearance of the damping

In the limits of the orbit limited motion approximation, implies the existence of the collective stopping power for the
the ion (and, respective'y, e|ectrﬂ)murrents on a dust par- incoming ions, which allows an additional accumulation of

ticle are given by(for singly ionized ion¥ the ion charges around the dust particle.
The usual process of screening in the absence of the flow

ends when the charge of the particle is totally compensated
fie d3v, by the ambient plasma. The Landau damping provides cor-

rections, which are of the order of for w<1, as defined in

(20 Eq. (9). Forw of order 1, the stopping power related to the

Landau damping is appreciable and the incoming ions from
wherea is the radius of the spherical dust particle and the the drift flow can create a total positive polarization charge
(respectively,—) sign corresponds to ion&lectron$. We  around the dust particle. This charge can be larger than the
express); in the form useful for numerical computations by negative charge of the dust particle itself leading to the at-
introducing dimensionless parameté€t§). According to ex-  traction of other negatively charged dust particles, and re-
perimental resultsr;<<1 andt<<1l. We write down the sim- sults in creating the potential well.
plified result for the ion current in the limi/ 7>1: The potential(normalized to the nonscreened Coulomb

274€°

1+t———
2 2
m; o(V+v7)

Jie== ewaZJ N
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0 0.5 1 L5 2 25 3 =1 (solid curve andt=3 (dashed curve
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FIG. 1. Real and imaginary parts of the dielectric function. Thethe same behavior fav=3. Here the potential well is al-

SO|Id curves correspond to=1, the dashed curves correspond to Most nonexistent fot=1, 't is quite small fort=3, and
2, and the dotted curves correspond tolo.

becomes appreciable for £. Flgure 3b) shows the results
for higher velocities of the floww= 2. In this case the po-

potentia) of the dust particle in the perpendicular direction tential well is deep and shifted to highgragain increasing
to the ion flow is shown in Fig. 2. The normalized potential with decreasing. For t=1 (simple drift with anisotropy of
is presented as a function of the ratio of the distance from théhe temperatune the potential well exists only fon>1.

dust particle to the Debye lengthdefined by Eq(7). One

We also analyzed expressions for the potentials created by

can see that the potential well indeed exists and increaseke dust particle close to the upstream and downstream di-

with the increasingv and/or decreasing Figure 3a) shows

1
0.8
0.6
0.4
0.2

0

-0.2

04
1

0.5

Perpendicular potential (normalized)

FIG. 2. (a) Potential well fort=% and different values oiv:
dotted curve;w=1, dashed
curve;w= % solid curve.(b) The potential well fow=1; the solid
curve corresponds tb=1, the dashed curve correspondstto3,

w=0, dash

1 2 3 4 5 6 7 8 9

Distance (normalized)

ed dotted curvey= 3,

and the dotted curve correspondst toz.

rections, but for outside the narrow cone where the Debye
shielding is present. In principle, this cone narrows with de-
creasingv+i, and the expressions used are approximately
valid for the almost upstream and downstream directions.
Figure 4a) shows the results of numerical calculations for
the downstream case for=1/2, w=1/2, andw=1. We can

see that the potential well increases with the increasing flow
velocity. The tendency for the upstream case shown in Fig.
4(b) is the opposite; with the increase of the ion flow veloc-
ity, the dust particle becomes more shielded and the potential
well never appears. This has a simple explanation since the
stopping power in the direction opposite to the ion flow is
not sufficient to create significant ion space charges to
change the sign of the shielding cloud. For comparison, the
Debye shielding potentials for these cases are also plotted.
Figure 5 illustrates the fact that, the smaller the angle is
between the direction of the flow and the direction of the
screening, the deeper the potential well is and the larger the
distance between the dust particle and the position of the
potential minimum.

Finally, Fig. 6 shows the numerical solutions for the equi-
librium dust charges for singly ionized argon gas, where
=1860x40 and r=3x10 2. The dust charge increases
both with the increasing flow velocitw and the(inverse
asymmetry 1t/ This is mainly due to the decrease in the
cross section of the interaction of ions with dust particles
whenever the flow velocity is increased. This leads to the
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FIG. 4. (a) Dependence of the normalized dust potential upon

the distance from the dust particle for the case of the direction close . o ) . . )
to the downstream direction. The solid curve is obtainedvior €rate subsonic longitudinal ion drifts, which are the subject

=1, the dashed curve, far=1, and the dotted curve presents the Of the present study, the presence of the strong Landau
exponential Debye screening. All of the results are obtained for d@mping is important since there are no excited wake fields.
=1 (b) The same as if@), but in the upstream direction. In the case of the strong Landau damping, the potential wells

are mostly concentrated in the range of wave vectors belong-

decrease in the ion current and the greater charging of du#td to the near zone where the electric field produced by the
particles by the electron current. We also found that, in thelust particle is of dissipative charactésut not the wave
case of equal downstream and upstream temperatures, tHgld; as in the case of the wake excitafiofhe creation of
dust charges are smaller than in the case when the dowiis field is independent of whether the wake field is created

whether the ion plasma can have weakly damped modes.

The role of nonlinearities produced by the dust particles
field is an important issue. Without detailed calculations, we

Let us first comment on the relation between the wake’resent here the dimensional analysis, which can give the
field potential wells and the Landau potential well. In the order of magnitude of the distances where the plasma polar-
case of the largesupersonik ion flow velocity, the dust ization charge can change and screen the dust charge inde-
particle velocity in the frame of ions at rest substantiallyPendently of the sign of this polarization charge. Within the
exceeds all of the ion thermal Ve|ociti®|ong and perpen- narrow angular interval with reSpeCt to the ﬂOW, where Eq
dicular to the driff. Then the Cherenkov condition for the (4) is valid, the characteristic distance is of ordgrand for
excitation of plasma modes by dust is fulfilléid this case, Other angles it is determined by E€). Note that for the
such modes exist in the ion plasma at yestd the emission isotropic ion distribution, the only characteristic lengtfujs

of these modes as a wake is possiilg,13. For the mod- Nonlinear effects are always strong close to the dust grain.
Indeed, for the isotropic case, the condition for the nonlin-

VI. DISCUSSION

2 . y . . earity to be weak on the dust surface is
S 15 e . Zg® T
K S e, (26)
E 1 \\\ '-.% T aTi Ti
5 | \\ '.'.. |
£ 05 N wherea is the size of dust particld,, andT; are the electron
= \\ '“o, d . 2 . . .
T 0 — e e — = ] and ion temperatures, ane=Z e“/aT, is the dimensionless
2 DS I i dust charge, which is usually of the order 2. Since in most of
05E T e ] the sheath experiments the raflQ/T; is high ~1C?, in-

- ' ' . equality (26) can never be satisfied.

However, the linear approximation can correctly describe
the shielding if the nonlinearities are at least weak at the
FIG. 5. Dependence of the dust potentiabrmalized to the shielding .radius. For the ion distributidﬂ),. the calcul_ation
Coulomb potentiglon the angle with respect to the ion figsuch ~ Of the ratio of the nonlinear charge densit to the linear
that® = /2, corresponds to the downstream directidthe dashed ~charge densityy = — Z4ed(w + ku)/27? of a dust particle in

curve is for®=37/10 and the dotted curve is f@ =2 /5. the frame of ions at rest gives, far-k, ,

Distance (normalized)
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PE Z4w small size, as compared to the size of the wall producing the
Ay=—T=—=—"——l(wt), (27)  sheath. However, this statement is incorrect if the distance

P \m(4m) nd’k, d between the dust particle and the position of the minimum of
the potential well is much less than the distance between the

where dust particle and the wallelectrod¢. For a more detailed

. . 2 4 description it is necessary to take into account the depen-

I(W’t):f dxf ds xS dence of the ion flow velocity on the position of the dust
0 0 |Xx2s?+S2+AxPW(W,t)/(1+ \1)?|? particle with respect to the wall. This effect can be especially
important in the case when the flow velocity at the position

% f”y dyexd —y2— s2(y—w)2/x?] of the dust particle significantly differs from the velocity of

0 the flow at the wall.
-ﬂﬁLydde—WWU—§W+WVRﬁ- VII. CONCLUSION

(28) Using a realistic model for the ion distribution in the
plasma sheath inferred from the theoretical expectations and
Numerical calculations givel (%, 3)=0.819 and1(1,3) the experimental observations, we have investigated the dust
=1.362. The condition that the nonlinearity in the direction Si€lding and charging in the sheath. It is shown that the
of the ion flow is smallwith k, ~2m/r) thus becomes ~ 1atter processes depend strongly on the degree of anisotropy
of the ion distribution, as well as on the difference between
the downstream and upstream ion longitudinal temperatures.
Zy< 01(277)2nidi3?, (29) The physical mechanism responsible for the appearance
of the additional ion charge accumulation close to the dust
wherea~5 for w=1% andt=%, anda~1.5 forw=1 and particle is connected with the strong Landau damping. This
t=1. Forr~6d (which is the approximate position of the iS an important result of this investigation. However, the
minimum of the potential well, according to the numerical question of the effects of plasma nonlinearities in the linearly
resulty, ni~2x10°cm 2 and d,~5x10 3cm. Then the derived potential well remains open. If the potential well is
right hand side of Eq(29) is of the order 18, which can  created and another dust particle appears to be at the position
Correspond to the observed dust Charges for not too |arg@f this We”, it will Strongly absorb the additional ions and
dust particles. decrease the value of the well. These problems can be further
The results given in Sec. V can thus be consideretiaas investigated only by appropriate numerical simulations.
the best of our knowledgehe first approach to the problem,
since nonlinearities in the dust particle shielding could be
important, especially for larger particles. We also note that
the linear approach can still have a range of applicability in  V.N.T. and S.V.V. wish to thank Equipe Dynamique des
the sheath where the ion flow is mainly regulated by theSystenes Complexes of CNRS—Universitie Provence for
potential in the sheath. The change of the ion flow producedupport and hospitality during their visit. The work of S.V.V.
by a single dust particle is small for the dust particles ofwas partially supported by the Australian Research Council.
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