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Equilibrium and levitation of dust in a collisional plasma with ionization
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The equilibrium, stability, and trapping of dust particles associated with vertical motions in the plasma
sheath and presheath are calculated, taking into account the dependence of the \atieblas dust charge,
ion flow velocity, etc) on the local position in the sheath or presheath region of a collisional plasma with an
ionization source. It is demonstrated that an increase of the rate of ionization considerably influences the
equilibrium positions of dust grains, shifting them toward the electrode as well as increasing the maximum
possible(equilibrium) levitation grain size.

PACS numbes): 52.25.Zb, 52.25.Vy, 52.35.Fp, 52.40.Hf

[. INTRODUCTION tributions of the surrounding plasma. Note that the second
case corresponds to such interesting self-organized dust-
The structures formed by charged dust grains in a lowplasma structures as voids and clouds in the dust-plasma
temperature weakly ionized plasma have attracted considesheath§9—-12).
able recent interest, associated primarily with the first experi- In this paper, we are mainly concerned with a plasma with
ments on “dust-plasma crystal§'1-5] as well as later with a rarefied dust component, i.e., we are assuming that dust
other self-organized formations such as dust cloudscharges and electric fields do not change the plasma param-
“drops,” “voids,” etc. [6—13. Under typical laboratory eters significantly. We therefore consider the case of essen-
conditions, dust particles are negatively charged and usuallyally isolated dust grainéhe intergrain distance exceeds the
levitate in the sheath or presheath region under the balance pfasma Debye lengthwith a low total number of dust par-
gravitational, electrostati¢due to the sheath electric figJd ticles. Thus the first step in our study is the modeling of
and plasmasuch as the ion dragorces. The ion flow, in  those plasma regions where we expect the dust particles to be
addition to a directdragging influence which can be one of trapped, the sheath and presheath regions of the discharge.
the major forces supporting the formation of dust voids Due to relatively high neutral gas pressufefien more
[9,10], is also responsible for the generation of associatethan 50 mTorr for typical dust-plasma experimentthe
collective plasma processes that can strongly affect the vefaboratory plasma is strongly influenced by the effects of
tical arrangement of the grains, not only in the case of suion-neutral collisions. Thus the simplest mathematical ap-
personic flows when a wake field is generafédd—17, but  proach relevant for collisionless plasnj22—24 is not fully
also in the case of subsonic velocities of plasma [d18519.  appropriate in this case. On the other hand, the correct de-
On the other hand, molecular dynamic simulatip?8| have  scription of collisional effects involves the speed of the ion
clearly demonstrated a sequence of phase transitions assoftew and therefore naturally depends on the properties of the
ated with vertical arrangements of dust grains when theegion (sheath or presheathve are interested in. While in
strength of the confiningin the vertical dimensionpara- the sheath region, where the speed of the ion flow is ex-
bolic potential is changed. The vertical positioning of thepected to exceed the ion sound velocity, a simple approxi-
dust grains is directly connected with the possible equilib-mation[25] describing ion-neutral collisions can be used, in
rium of the system. the total presheath/sheath region more sophisticated ap-
It is well known that the charge of dust particles, which is proaches are necessa6,27. In this paper, we use an ad-
one of the most important characteristics for the trapping andanced model of momentum transfer between the ion and
interaction of dust grains, appears as a result of various prazeutral species, which describes ion-neutral collisions on the
cesses in the surrounding plasma, mafuiyder typical labo-  basis of kinetic theory, without semiempirical approxima-
ratory conditiong due to electron and ion current onto the tions[28].
grain surfacessee, e.g., Ref21]). Thus the first step in any Another important issue is the rate of ionization. It was
research on properties of dust in a plasma is the adequatiemonstrated experimentallgee, e.g.[9,11]) that an in-
description of the surrounding plasma. Here, we note that, itrease of the ionization rate leads to an increased size of the
general, there are two situations of interést:the dust par-  dust-free void region, moving the equilibrium position of the
ticles do not affect significantly the properties of the plasmedust cloud closer to the electrodes. Thus we expect that, even
they are embedded ifthis usually corresponds to low num- in the case of dust in a plasma with a negligible influence of
ber densities of the dust component, i.e., to a lower numbethe dust on the plasma and sheath parameters, the equilib-
of dust particles and (ii) the dust component is relatively rium positions of the grains are affected by the ionization
dense, thus changing significantly the field and density disrate. Therefore we also include plasma ionization in our
equations.
Previously, various models of dust levitation in the low-
*Email address: S.Vladimirov@physics.usyd.edu.au; URL: http:/temperature plasma discharge sheath region were numeri-
www.physics.usyd.edu.atladimi cally consideredsee, e.9.[12,29-33). Note that the previ-
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3.1 TABLE I. The main plasma parameters in the numerical com-
0 0 7 putation.
IU g prlasma n.(z) rnd=)
0 % Definition Notation Value
jj 5 electric field E(=z) Electron temperature Te 1.6; 2.0; 29 eV
U ! Electron bulk density No 10° cm™3
0 I8 <: Neutral density Ny 3x10° cm3
~ ’g ion flow vi(=) Neutral temperature T, 0.025
0} % lon temperature Ti 0.025
5 o lon mass(argon m, 40X 1836X m,
o =, = Electron Debye length NDe 297.3; 332.5; 400.3um
lon Debye length \pi 37.17 um
FIG. 1. Sketch of the one-dimensional simulation configuration. |on plasma frequency wp, 6.58x10° st
lonization frequency Vion 0.001; 0.01; 0.X wy,
ous models deal with the collisionleg32,33 or collisional Collision frequency Ve 0.107X wp;

[12] fluid cases without ionization, the kinetice., coupled

Poisson-Vlasov equationsasd 31] without collisions in the

vicinity of a dust grain, particle-in-cell simulatio80] of a  densityn,(z), which is supposed to be Boltzmann distrib-

uniform, steady state dc plasma where plasma particle losseged,

are assumed to be exactly balanced by a constant ionization

source, or a hybrid mod€R9] combining Monte Carlo with n(2)=n ex;{ e(P(Z)) @

fluid simulation, with the latter ignoring the equations of € 0 Te /)’

motion of the plasma particles. In this paper, we present a

self-consistent fluid model ofrarefied dust levitation and Wheree s the electron charge, is the electror(as well as

equilibrium in a collisional plasma sheath taking into ac-ion) number density in the plasma bulk#z,), andT, is the

count plasma ionization. electron temperature in energy unisuch that the Boltz-
Possible vertical motions of the dust can lead to the dismann constant is unity Note that for simplicity we assume

ruption of the equlibrium position of the grains. Note that that the electron temperature is constant in the whole region

most of the previous analytical models considering verticapf interest.

lattice vibrationg 34,35, as well as numerical models study- ~ The sheath potential is determined by Poisson’s equation

ing phase transitionf20] in the dust-plasma system, dealt which, using Eq(1), we write as

with dust grains of a constant charge. Recerig], we

demonstrated that the dependence of the dust particle charge d?¢(2) 4 ee(2)| ni(2

on the sheath parameters has an important effect on the os- d2 7o €X Te No

cillations and equilibrium of dust grains in the vertical plane,

leading to a disruption of the equilibrium position of the In this model, we neglect the total charge contributed by the

particle and a corresponding transition to a different verticadust grains(i.e., we assume the dust number density to be

arrangement. However, we used the simplest model of a cobmall).

lisionless plasma sheath, with supersonic velocities of the ion The ion dynamics is governed by the continuity and mo-

flow. In this paper, we study the whole range of possiblementum equations. The continuity equation for the ions takes

velocities of the ion flow, treating the sheath problem self-into account plasma production; the main mechanism of ion-

consistently and investigating possible dust trapping as weikzation is assumed to be electron impact ionization, so that

as the disruption of the equilibrium that may occur at variousthe continuity equation is

positions corresponding to not only supersonic, but also sub-

sonic, ion flow velocities at the position of the dust grain in

a collisional plasma with an ionization source.

2

d
d_z[ni(z)vi(z)]zvionne(z)- (3

Here, viy, is the plasma ionization frequency, which is pro-
portional to the neutral gas density and varies exponentially

The plasma consists of electrons and singly charged iongvith the inverse ofT, as well as depending on the atomic
with a uniform background neutral gas. The dust grains ar@arameters of the neutral gg36]; for argon gas it has the
assumed to have no effect on the sheath and presheath strifetm
ture. We consider the one-dimensional configuration
sketched in Fig. 1: the electrode, which is supposed to be at
the constant potentiat-7 V, is located at the origin of the
reference frame; the end of the simulation volume iz@at

?huetsgji;;ziezhizztrme?” \{ﬁnabrlles t?]f mt;arest are fun dCtLﬁnS 0 ndT, in eV. Below, we assume that the neutral background
o ' €y, the sheath poten igi(z) an € density is kept constant, so that the variation in the ionization
electric field E(z) =zE(z) = —zd¢(2)/dz, the speedvi(z)  frequency is connected with the change in the electron tem-
=2zv;(z) and densityn;(z) of the ion flow, and the electron perature(see Table)l

Il. PLASMA MODEL

Vion=5X108n, exp(—15.81T,), (4

where v,y is independent of since we assumé, and the
eutral gas density to be uniform;, is measured in cit
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TABLE Il. The boundary conditions for the numerical computation.

lonization frequency  End of simulation  Electric potential Electric field lon flow velocity
Vion! @p; z=17, (units of \p;) e@/Toatz=z, —d,(eqp/Te) atz=z, v;lvy atz=z,
0.001 813.05 —0.0001 —0.0001 0.25
0.01 294.56 —0.0001 —0.0001 0.25
0.1 113.32 —0.0001 —0.0001 0.25

The momentum equation for the plasma ions is written apendent of the positiorz with respect to the electrode.
Finally, the functionf(4) in Eq. (6) is given by[28],
dvi(2) de(2)

miv;(z) iz - % 4z —Feon(2), 5 3 5 = 5
f(8)=— (53+ —)exp(—52)+— 55+ 5% —)erf(a)}.

whereF .y (2) is the momentum transfer rate between ions 85° 2 g 4
and neutrals, and the main mechanism for the ion-neutral (8

collisions is considered to be charge exchange. Calculations _ . . .
on the basis of plasma kinetic theory, which allow for ion For smallé (low ion speeds F is proportional to the ion
speeds comparable to the ion thermal speed, give the followspeed, while for largé (high ion speeds the approximation

ing expression foF .. [28]: made in Ref[25], F., is proportional to the square of the
ion speed. The latter case applies in the sheath region in the
Feor=vef (S)v;. (6)  calculations reported here, but not necessarily in the plasma
o bulk region.
Here 6=|v;|/\2ui(1+T,/T,)*? vg is the average charge Assuming the electrode has a potential-o7 V, typical
exchange collision frequency of dust plasma experiments, E@8), (3), and(5) are numeri-

cally integrated to give the dependence of the potential, and
— S\F thence of the sheath electric field, anTable | gives the
VE= 3 FUEMUTI ’ (" values of the plasma parameters chosen in our numerical
simulations[as well as some characteristic values which are
and gg is the characteristic charge exchange momentuntalculated on their basis, i.e., the electréion) Debye
transfer cross section, which is practically constant andengths \peiy=(Tey/4mnee?)*? and the ion plasma fre-
equals approximately 810~ **cn¥ [37] over the range of quency w,;=(47nee?m;)*? in the plasma bulk The
ion energies from 0.1 to 2 eV, which is of the most interestboundary conditions are chosen as those given in Table II;
for us here. Furthermore, in Eq. (7) is the density of the note that we also have.(z) =n;(zy) = no.
neutral gagargon, vti=(T;/m;)*?is the ion thermal veloc- The results for the electrostatic potential and for the elec-
ity, and T;n, is the ion(neutra) temperature. In our consid- tric field are given in Fig. 2, where we present three sets of
eration, we assume,, T;, andT, to be uniform, i.e., inde- figures corresponding to different ratios of the ionization fre-

Tn 1/2

1+?i
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FIG. 2. The dependence of the plasma potentid) [in V, (al)—(c1)] and the electric fieldE(z) [in V/icm, (a2—(c2)], on the distance
h=2z/\p; (in units of the ion Debye length for all figureBom the electrode(al) (a2 correspond tjg,/ w,i=0.1, (b1),(b2) correspond to
Vion! wpi=0.01, and(c1),(c?) correspond twy,/w,;=0.001. The plasma parameters are presented in Table I. The vertical and horizontal
lines in the figures indicate the points where the ion flow velocity equals the ion sound velgcitye corresponding values of electric field
and potential relevant for Fig. 2 are given in Table IlI.
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TABLE lll. The characteristic numbers for Fig. 2.

lonization Position where ion Electric field Electric field Potential
frequency flow speeeFvg at the electrode ati=vg atvi=vs
Vion! @pi (units of Ap;) (units of V/icm (units of V/icm (units of V)
0.1 38.56 —152.9 —61.3 —1.66
0.01 38.38 —-82.1 —39.5 —2.64
0.001 32.93 —46.2 —29.4 -4.10
quency to the ion plasma frequeney,/,; , viz., 0.1, 0.01, lll. CHARGE AND EQUILIBRIUM
and 0.001, respectively. The first case corresponds to highest OF A DUST GRAIN

T and input power. The vertical and horizontal lines in the  The chargeQ of the dust particle$which is dependent on
figures indicate the points where the ion flow velocity equalshe plasma parameters, in particular, on the local electric
the ion sound velocity s; the corresponding values of elec- sheath potential and the velocity of the ion flois found
tric field and potential relevant for Fig. 2 are given in Table from the condition of zero total plasma current onto the grain
M. surface:

The dependences of the velocity of the ion floWz) and
the ion fluxn;(z)vi(z) on the distance from the electrode, 1(Q)=1,(Q)+1,(Q)=0. 9)
found from Eq.(5), for the potential and field distributions of
Fig. 2, are presented in Fig. 3. Again the vertical and hori- ) ) ) ,
zontal lines in the figures indicate the points where the ior]\Ot€ that, since we are interested in collective processes on
flow velocity equals the ion sound velocity,:; the corre- the time scale of the characteristic frequendiesorder a

. _1 - .
sponding ion flux, as well as other characteristic parameter. w times 10 s7), .Wh'Ch are much lower 'Ehan the charging
rsevantgfor Fig. 3, are given in Table IV. P requency[38] (which can be of order F0s™1), we assume

We see that for the region where the ion velocity Machthat (re)charging of dust grains is prgctlcally instantaneous,
: : . . and we therefore neglect the charging dynamics. We note,
number(relatwe 1o the ion sound velocity,) exceeds unity however, that the latter can be important when considering
(this corresponds,_for the <_:hosen plasma parameters; to possible instabilities of the grain levitation associated with
>vs~10v7;), the ion flux is almost constant. Moreover, ,q charging dynamick39].
comparing with Fig. 2, we see that this region corresponds t0 The electron and ion currents onto the dust grain are de-
an almost linear electric field dependence on the distancgneq py

from the electrode, resembling the collisionless sheath model

(which we discussed if33]) where the region of almost

linear dependence of the electric field is, however, limited to | (Q):E f e f.o.(v,Q)vdv. (10)
somewhat higher velocities of the flow. “ a aamae?

[
w

(al)] 15 (b1) 15 (ecl)

10 10

lon velocity
(in units of \.9.[.)
P
ul =)
ul
ul

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
0.76

5 a2)] (b2){ ¢ 75 (c2)

lon flux
(in units of nov.,_,.)

20 40 60 80 100 20 40 60 80 10(8"74 20 40 60 80 100

Distance from the electrode (in units of ?\.DI. )

FIG. 3. The dependence of the velocityz) [in units ofvy;, (@l)—(c1)] of the ion flow and the ion flux;(z)v;(z) [in units ofngv;,
(a2—(c2)] on the distancéa=z/\p; (in units of the ion Debye length for all figureom the electrode(al),(a2 correspond twy,/ w,;
=0.1, (b1),(b2) correspond twjo,/ w,;=0.01, and(cl),(c2) correspond tw,n/ wp=0.001. The vertical and horizontal lines in the figures
indicate the points where the ion flow velocity equals the ion sound velogitthe corresponding ion flux, as well as other characteristic
parameters relevant for Fig. 3, are given in Table 4.
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TABLE IV. The characteristic numbers for Fig. 3.

lonization lon velocity lon flux lon flux Position where ion
frequency at the electrode at the electrode viatvg flow speed=uvr;
Vion! @p; (units ofv;) (units of ngu;) (units of ngu;) (units of Ap;)
0.1 18.60 5.8774 5.6946 105.46
0.01 13.73 2.0923 2.0846 224.01
0.001 10.38 0.7529 0.7527 361.00

Here, the subscriptz=e,i stands for electrons or ions,  wherev%.=T./m, is the squared electron thermal speed.
andf, are the charge and distribution function of the plasmawe note that from E¢(14) the charge can become zero for a
particles, withe,= —e;=—e, v=|v| is the absolute value of strong enough sheath potential, such that the ion current
the particle speed, and o, is the charging cross section, dominates. This means that the dust particle cannot levitate
which in the orbit-limited-motion(OLM) approximation is

given by[40] .
waz( - 280 ) if Ze“Q2<1 20
amyu amyu
0= (11 13 ‘
_2e,Q (a)
0 if >=1, 10 ]
amyu
5
where a is the radius of the dust particle and, is the ~ o
electron or ion mass. The last inequality in Efjl) gives a 0
restriction on the electron charging velocities for negatively ® 20 40 60 80 100
charged dust particles or for the plasimositive ions for e
positively charged dust grains. w 25
Since the electrons are assumed to be Boltzmann distrib Q
uted[Eqg. (1)], the electron currerfor a negative charge on ¢ 20
the dust grainis given by X
§ 15
T eQ(2) eq(z (b)
Ie(Q)=—\/ﬁea2n0\/Heeexy{ S'(I'e)+ (’_Dl_(e)), \S_, 10 1
(12 o >
_ _ . O
wheree(2z) is the external plasma potential at the position of a
the dust grain. Note that we neglect possible changes of th & 20 40 60 80 100
electron temperature in the plasma sheath. 0
In contrast to the electron distribution, we consider shifted % 25
Maxwellian ions with the distribution functiofy «exp{—[v, 2
—vi(2)v3}. The intergrain distance is assumed to be not Q 2°
less than theelectron Debye length, so that the ion trajec- 15
tory is affected by only a single grain. The ion current onto
the dust grain in this case can be approximated by 10 ) |
c
[ azen(z)_(z)( 1 2eQ) ) (13) ’
= . A - =,
i i(Z£)Uj mi;iz(z) 0
i 20 40 60 80 100
where_vi(z)z \/viz(z)+80T2i/7-r_ [41_]. Thus the charge of a Distance (in units of Ap,)
(negatively chargeddust particle is determined by E(),
i.e., by the equation FIG. 4. The dependence of the charge — (Q/e) X 10~ of the
dust grain, of radiua=4 um, on the grain positioh=2z/\p; .
_ 2eQ(2) Here we have(d) vjon/wpi=0.1, (0) wign/wpi=0.01, and (c)
J7rl8ni(2)vi(2)| 1— — Vion/ wpi=0.001. The characteristic values of the charge at various
i (2) positions, as well as the position for the maximum possible charge,
eQ(z) eo(2) are summari;gd in Table .V. The vertical and horizontal lines indi-
:nOUTeeXF{? T ) (14) cate the position of maximum charge, and the charge where
e e =Ug.
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TABLE V. The characteristic numbers for the dust charge calculdfan 4).

lonization Charge at the Maximum Position Charge at the Charge at the
frequency electrode possible charge (oaY A positionv;=vg positionv;=vr;
Vion! @i o (units of 1Ge) Omay (Units of 1Ge) Zgm (units of \p;) d,s (units of 1Ge) g, (units of 1Ge)
0.1 (-) 27.19 56.77 24.84 20.11
0.01 1.64 18.96 67.77 16.46 14.72
0.001 3.46 14.91 83.60 11.31 12.14

and must fall onto the electrodsee the discussion in Ref. Note that the forc€15) includes thez dependence of the
[33]). Numerical solutions of Eq(14) for the charge of a grain chargeQ, since we assume instantaneous transfer of
dust particle, as a function of the particle positisnare  charge onto and off the dust grain at any grain position in the
presented in Fig. 4, for the example of a dust grain of radiusheath, such that E¢L4) is always satisfied. The balance of
a=4 um. Here the profiles 0#(z), vi(z), andn;(z) found

in Sec. Il have been used. The characteristic values of the 14
charge at various positions, as well as the position for the 19
maximum possible charge, are summarized in Table V. The
vertical and horizontal lines indicate the position of maxi- 10
mum charge, and the charge where-v [Figs. 4a), 4(b),

and 4c)]. An extra line in Fig. 4a) indicates that in general 8 (a) |
there are two positions for a charge of less than the maxi- 6 ]
mum charge. .

It is apparent from Fig. 3 that the higher is the input
power (i.e., the higheiT, andv,,,), the stronger are the ion 2\ 2
fluxes, and correspondingly, the lower is the size of the@
negative charge on a grain placed very close to the electrode‘b 20 40 60 80 100
Note that the dust charge can even become positive; in tth) 14
casevjon=0.1w;, the dust charge becomes positive near theE
electrode, with the result that n@quilibrium) levitation is 0 12
possible. The maximum possible size of the charge is Iarge\t 10
for a higher level of ionization rate; the position of the maxi- 'Q
mum charge size becomes closer to the electrode as the iorE
ization rate increases. We note also that the negative gradier{ ¢ (b) |
of the equilibrium chargéi.e.,dQ(z)/dz-0)] canlead to an =
instability of dust particles with respect to their vertical os- ¢ 4
cillations due to delayed chargifg9]. 3 5

For a particle levitating in the sheath field, the force act- U
ing on the grain includes the sheath electrostatic force, the&5

) ; 20 40 60 80 100
ion drag force, and gravity: w~ 14
0
F(2)=Q(2)E(2)— F; 4(2)—mqg, (15 8 12
. . 10
where the ion drag forcg; 4(z)=F °°'r(z)+ dr(z) includes
two component$41 42, the collection forceF,"?,'r(z) and the 8
orbit force F"dr(z) The collection force is associated with 6 (e) |
the dust charging process, and in the OLM approximation
can be written as 4
2eQ(2) ’
eQ(z
Fi%(2)=ma’mu;(2)v <z>< 1- #) (16)
amui(z) 20 40 60 80 100
Position (in units of A ;)
The orbit force, which corresponds to the momentum trans-
fer during the Coulomb collision, is given by FIG. 5. The dependence of the size of the dust gfainum),
levitating in the sheath electric field, on its positios z/\ ; . Here
b n(Z)U|(Z) we haVe(a) vion/wpi=0.1, (b) vion/wpi=0.01, and(C) vion/wpi
F al2)=4me 2Q%(z) —= A, (17 =0.001. The lines correspond to various sizes of dust grains: as an
mivi(2) examplea=4 um, as well as the maximum possible sizes, and the

) ) ) sizes corresponding to a grain levitating at the position where the
whereA ~ In(\p/a) is the Coulomb logarithm, anklp is the  Mach number of the ion flow is unitgi.e., atv;=v), as summa-
plasma Debye length. rized in Table VI.
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TABLE VI. The characteristic numbers for the dust grain radius and the position of dust levitaigrb).

lonization Maximum Position of the Radius of the Positions Unstable positions
frequency grain radius gra, grain atv;=vg of a grain of radius of the grain
Vion! Wpi Amax (xM) Zam (units of A p;) a,s(pum) 4um (units of\p;) a,s (units of \p;)

0.1 12.77 24.93 10.92 58.01193 12.97

0.01 8.11 26.55 7.57 64.10.78 15.89

0.001 5.62 28.87 5.60 66.4143 24.93

forces in the vertical direction is z
Un(2)=- | d2102)E(2) - F () - mg).

QDE(2)=myg+Fy l2). (18) 19
Note that the total energy in this case contains not only the

Solution of this equation together with the charging equatiorf!€ctrostatic energyQ(z)¢(z), but also terms associated
(14) gives the dependence of the charge of the grain, levitat¥ith dQ/d¢ which represent, because of the openness of the
ing in the sheath electric field, as a function of its size. ForSyStém, the work of external forces that change the dust
the levitating dust particle, there is therefore a one-to-on&harge. The dependence of the total potential energy on the
correspondence of its size to its equilibrium position of levi-distance from the electrode is shown in Fig. 6. .

tation in the sheath, as shown in Fig. 5. Here, we have also e see that the potential has a maximum and a minimum,
plotted the lines corresponding to various sizes of dusforresponding to the two equilibrium positions found in Sec.
grains: as an exampl@a=4 um, as well as the maximum I1l. The minimum (the ;table equilibriumn disappears ifa
possible sizes, and the sizes corresponding to a grain levitatz @max [the curve(1) in Fig. 6]. Other effects that have been:
ing at the position where the Mach number of the ion flow is"€glected here, such as an electron temperature increasing
unity (i.e., atv;=v.), as summarized in Table VI. Note that toward the electrode, may serve to increase the negative
there are no equilibrium solutions far>a,,,, the latter ~charge on a grain, and so preserve an equilibrium. The criti-
being a function of the ionization ratsee Table V). The cal (maximum possible for levitatigrradius appears also in

absence of an equilibrium means that the particles with such9- 5; for decreasing ionization rat@m,, also decreases
sizes will fall down onto the electrode. (see Table VI Fora>ana, theT minimum of the pqtentlal .
From Fig. 5 and Table VI, we see that the greater is theeN€rgy curve disappears, thgs mdlcatlng that there is no equi-
ionization rate, the closer is the equilibrium position of alibrium position for such grain sizes. o
levitating dust grain to the electrode. This fact agrees with 1hus for a collisional plasma with an ionization source,
experimental observatiorie.g.,[9,11]) showing that the size fOr @ grain sizea less than the critical radiuy,, there is a
of a dust void is directly proportional to the ionization rate. Stable equilibrium position close tor in) the presheath; for
The void corresponds to a dust-free region where the elegufficiently high input powergwithin a certain range of
tron impact ionization rate is relatively high, producing an9rain sizes, see Fig.,)5there can also be an unstable equi-
outward electric field and ion flow, thus dragging the dustliPrium position deeper inside the sheath. fogreater than
particles outward. In the case discussed in this paper, §1€ critical radiusan,,, there is no equilibrium position.
higher ionization rate again gives a stronger ion flow, dragJ_\IO'Fe that possible vert_lcal oscH_Iatlons about the_ stable equi-
ging the dust grain closer to the electrode. Note that if theréPrium may develop high amplitudes, thus leading to a fall
are two positions for a grain of a given radi(esg., 4um in of th_e o_scnlatmg grain onto the electrode when the potential
Fig. 5), the one with a negative derivatida(z)/dzis stable, ~barrier is overcomésee Fig. 6.
while the one with a positive derivative is unstatéee also _ Here, we would like to discuss how the change of the
the next section We also note that the maximum possible I0nization power can affect dust size d|str|b_ut|(_)ns_|n an ex-
radius for grain levitation increases with increase of the jonPeriment. Suppose that we start with a low ionization power
ization rate, and its position also shifts closer to the elec&nd thenincreaseit in the process of the experiment. Since
trode. Finally, we see that the smaller is the ionization rateth® maximum possible size of particles capable of levitating
the smaller is the maximum possible siag,, of a grain " thls case is on_Iyncreasmg_ no change of dust size distri-
capable of levitating, and therefore the greater is the proporbutlon occurs, with dust levitating closer to the electrode as

tion of dust(if there is a dispersion of grain sizégvitating ~ the input power increases. However, if in the next experi-
in the region of subsonic ion flow velocities, i.e., in the ment wedecreasehe ionization power, the possible size of

presheath region. particles capable of levitating is alstecreasing with the
heaviest graingwhose size and, correspondingly, mass do
not satisfy the condition for levitatiorfalling down to the
electrode. Thus the dust sizand maspsdistribution can be
changed in this way, leaving only smaller particles levitating.
It is instructive to find the total potential energy, relative Note also that another experimental possibility to force big-
to the electrode position, of a single dust particle of givenger particlegwhose sizes are close to the critical ptefall
size at the positioz in the sheath electric field: down to the electrode is to apply a low-frequency-modulated

IV. DISCUSSION AND CONCLUSION
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100 tributions due to the charged dust clo{iti0,12, and the
change(decreasgeof the charge of a dust particle due to the
presence of neighboring grains in the clo[#B,44]. The

~J
(9]

50 2) 3) quantitative answer to the question of the differences be-
25 tween a dense dust cloud and isolated dust particle trapping
0 can be given only after the corresponding theory for the dust

distributions is developed.

-25 Another issue is the influence of the ion flow effects on
-50 4) (a) the stability and equilibrium of dust grains. For an adequate
description of the effects of ion wake formatiph4—16, a
20 40 60 80 100 treatment taking into account plasma ion kinetics is neces-

[y
o
o

sary. The hydrodynamic model studied here is not able to
take those effects into account. However, it is physically
clear that for a monolayer dust distributigim the plane of
the electrode the wake effects are not important. On the
other hand for a highly collisional plasma the wake effects
are not strong if the ion-neutral mean free path is of the order
of the plasma Debye length, when the ion focusing is desta-
bilized by frequent ion-neutral collisions. Similarly, for suf-
ficiently dense dust distributions the plasma ion kinetics can
be effective only for a layer near the dust-cloud—void bound-
ary, of the order of the ion-dugbr the ion-neutral, which-
ever is smallermean free path. However, a comprehensive
1) theory of the wake formation in collisional plasmas, for
those situations when estimations may predict considerable
wake effects, does not exist at the moment.
2) In our calculations, we assumed the major influence on
3) the ionization source to be the plasma electron temperature,
and kept the neutral density constant for all runs. One of the
reasons for such a choice is that according to @&.the
effective ionization frequency varies exponentially with the
inverse ofT, and is only directly proportional to the neutral
gas density. Thus for relatively small changes of the electron
20 40 60 80 100 temperature we have two orders of magnitude change in the
Distance (in units of A, ) effective ionization frequency; cf. Table I. Note that the as-
sociated change of the dust particle charges is not so sensi-
FIG. 6. The total interaction enerdy,, as a function of the tive to the electron temperatuisee Fig. 4 Varying the
distancen=z/\; from the electrode for the different sizes of a dust electron temperature but keeping the neutral number density
particle and the different ionization rate&) vie,/wpi=0.1, (b)  constant, for a collisional weakly ionized plasma, effectively
Vion/ 0pi=0.01, and(c) vipn/ wpi=0.001. The curves correspond to means changing the input power while keeping the pressure
(D) a=amact 1um; (2) a=amay; (3) a=2a,5; and(4) a=4 um. See  constant, since the neutral temperature does not differ much
also Fig. 5 and Table VI. from the room temperature in this case. On the other hand, it
is also possible to check the ionization effects of varying the
voltage (with the frequency close to the resonant frequencyneutral densitywhich does not directly appear in the charg-
of vertical vibrations of the dust grains around the equilib-ing equation(9) and is therefore expected to less directly
rium position[33—35) to the lower electrode, thus forcing affect the grain charggswhich corresponds to varying the
particles to oscillate. When their amplitutend therefore the ionization input power together with the pressure of the dis-
energy of oscillationsbecomes large enough to overcomecharge.
the potential barrier, cf. Fig. 6, they fall down and therefore A complete model, which is beyond the scope of this
are removed from the sheath region. paper, would include the whole calculation of the discharge
We assumed that the dust density is small enough not tparameters as functions of the input power, taking into ac-
influence significantly the plasma parameté&sch as elec- count changes of both the neutral density and the plasma
tric field, etc). The performed study has also demonstratecklectron temperature. In the model considered here, we as-
some qualitative features of dust trapping and equilibriumsumed that the temperatures of plasma electrons and ions are
for those experiment&.g., on void formatio9,11]) where  constant in the simulation region. Note that more compli-
the dust density is higher. We can therefore qualitativelycated models of plasma dischardié5—47 take into account
conclude that the effects of single particle trapping and equithe dependence of the temperatures on the distance from the
librium are important also for the levitation of dust distribu- electrode. For a dusty plasma, this is a subject for future
tions. For dust clouds, there are several physical effects imstudies: e.g., our model can be further complicated by the
portant for particle trapping and equilibrium, among whichinclusion of extra equations for the balance of the tempera-
are the change of the plasma electric field, density, etc., digures of plasma electrons and ions. Note that in this case the

~J
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physics of the electrostatic dust-plasma interactions in th&he dependence of the grain charge on its position is crucial
sheath region can include extra forces of a thermophoretifor the stability, equilibrium, and trapping of the dust
type due to the plasma particle temperature gradigt8b particles.

To conclude, we have demonstrated that the charge, posi-
tion, and _trappin_g c_)f d_ust grains Ie_:vitating in a qulisional ACKNOWLEDGMENT
plasma with an ionization source, in the electric field of a
horizontal negatively biased electrode, strongly depend on This work was supported by the Australian Research
the parameters of the plasma as well as on the input powe€ouncil.
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