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A dust void, i.e., the dust-free region in a dusty plasma, results from the balance of the electrostatic and
plasma(such as the ion dradorces acting on a dust particle. The properties of dust voids depend on the ratio
of the void size to the mean free path of plasma ions colliding with neutral species of a weakly ionized plasma.
For many plasma-processing and plasma-crystal experiments, the size of the void is much larger than the
ion-neutral mean free path. The theory and numerical results are presented for such a collisional case including
the situations in which the plasma is quasineutral in the void region or the plasma quasineutrality is violated,
as well as the case in which the ion ram pressure is insignificant.
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[. INTRODUCTION tal observations of dust void4—4|, the size of the void is
comparable to or even larger than the mean free path for the
Recent experimen{d —4] demonstrated that often the ob- ion-neutral collisions and therefore the results of the theory
served property of a dusty plasma is not a homogeneou$] cannot be directly compared with them. Thus the theory
distribution of dust particles but rather a formation of struc-of a collision-dominated dust void is necessary, which con-
tured dust regions featuring also stable voids, i.e., dust-fresiders voids with sizes comparable to or larger than the ion-
regions inside the dust cloud. According to the proposedieutral mean free path. This theory should be based on the
models[1,2,5 a dust void can appear in a low-temperaturerealistic model for the ion-neutral collisions fitting numerous
discharge plasma as a result of the balance of the electrexperimental data already existing for low-temperature plas-
static force and the drag force acting on dust particles, thenas[6]. The other point that should be taken into account is
latter due to the plasma ions flowing to the electrode. Invelatively low ion flow velocities in the collision-dominated
general, the ion momentum balance in the vgid., in the  plasma, which can be of the order of the ion thermal veloc-
dust-free regionis determined by the electric force, the ion ity. Note that for the collisionless dust voifs], the ion flow
pressure force, and the friction force of plasma ions withvelocities much higher than the ion thermal velocity were
neutral species. When the size of the void is much less thagonsidered. This limit is correct when the ion-neutral colli-
the ion-neutral mean free path, the motion of plasma ions cagions are weak since the Mach numbémof the ion flow at
be considered as collisionless. Thus the theory proposed edhe void boundary was show] to be close to unity. Note
lier [5] for the case of collisionless plasma does not take intdhat even for near-sonic velocities of the fldd~1, the ion
account the ion-neutral collision force. It was shown%}  drift speed is already/T./T; times larger than the ion ther-
that a dust void indeed can be formed in a dusty plasmanal velocity [here, Ty is the electron(ion) temperaturg
when the ion-neutral collisions are negligible and that theand since in existing experimeni&>T;, the numberM
void has sharp boundaries where the dust density is sharpky 1 corresponds to the ion flow velocities mugipically an
changed, but all other plasma parameters including the eleorder of magnitudelarger than the ion thermal velocity. If
tron and ion densities are continuous. Such a “collisionless”the ion-neutral collisions are sufficiently effective in the void
void is globally stable for disturbances perpendicular to theegion, they substantially lower the ion flow velocity, which
void surface. can then become of the order of the ion thermal veldcity
However, in many if not most of the existing experimen- The dust drug and dust capture coefficidms$] should take
into account the fact that the ion drift velocity can be mar-
ginal as compared to the ion thermal velocity. Thus the cor-
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the model of Ref[5]. The outline of the paper is the follow- are normalized to the same distard®a,, the dimension-
ing. In Sec. Il, we develop the model for the ion-neutral less electric field is measured in units of the field in which an
friction with the ion drift velocity dependence fitting the ex- electron receives the enerdy on the distance equal to the
isting experimental data on the ion mobility in a low- plasma particle mean free path in their collisions with dust
temperature plasma. This expression can be used for the igsarticles. The density of the latter is related to the parameter
flow velocities comparable to or larger than the ion thermalP=N,Z,/N;,. Note that in general the plasma particle mean
velocity. In Sec. lll, nonlinear equations in the void region free path for their collisions with dust i7/a4P, which is

are formulated for the case of a quasineutral plasma and fobvioustdiZ/ad for P=1. The velocityV; of the ion flow is

the case in which the plasma quasineutrality is violdtad normalized to 2 times the ion thermal velocityu

quasineutrality in the void region can be maintained for the_ V. /\2V+;, whereVy,= (T, /m)Y2 andm is the ion mass.

Cas? 'T Wh'Chfthe electrontpeb&//e_ Ie;gtht|sdlfssththan ltht_e 0N The number density of plasma neutral species is usually
neutral mean free pathSection IV is devoted to the solution much higher than the ion number densiie., the plasma

of Emsson_s e_quat|on in the d.USt region. Th_|s_ solution Shas a low degree of ionizatipand the change in the neutral
derived taking into account the ion-neutral collisions and ar-

bit dust drift velociti It i th i £ th distribution due to the ion-neutral collisions can be ne-
v:)irgrgouﬁ(sjar ”fro\:r? tohcel,r Igjét si?{lt\d/qees de;ilza(;??g irosluct)ion eglected. The ion-neu_tral coIIisiongI_friction s]oyvs down t'he

. . >t/h A dix Section V ¢ ical ion flux and for low ion flux velocities the friction force is
aré given In the Appen ) ection vV presents numerical roportional to the ion drift velocity. Thus for the case in
solutions of the nonlinear equations for the void and the voi hich only the electric field and the friction with neutral
boundgry, aIIOV\_/mg us to f!nd the parameter range in Whlcr‘bpecies are important, the total dimensionless force acting on
the void can exist, and it gives explicit results for the depen

) . S ‘plasma ions can be written as
dence of the size of the voids on the ionization rate and thg

ion friction force coefficients. The results are presented for 2u

conditions in which the quasineutrality is maintained both in F=—-—+E. (1)
) X . ! Xn

the void and in the dust region and compared with those

when the quasineutrality is violated. The results taking intorpe factor 2 in the definition of the friction force is intro-
account the ion ram pressure are also presented; they can Bced for further convenience. The forEds written in the

used to elucidate the role of the ion-neutral collisions in theyimensionless units introduced above and tkwig is the ion
collisionless void and to show the continuous transition Ofmobility in these units: folF =0 we haveu=(x,/2)E. We
thg collisionless dqst void to the coII|S|on—dom|nate.d dust ,se for the mobility the notatiox,/2 since in our dimension-
void. In the Appendix, we also give the exact expressions fof%,(/

he d 4 tthe d q dd ess unitsx,, is the ion mean free path for the ion collisions
the dependences of the dust drag and dust capture Coefljz, e rg| species. The values for the ion mobility are well

cients as functions of the ion-drift velocities valid for any \non from the experimental data in a low-temperature
relat|qn between the ion drift veI(_)glty and the ion thermal plasmal6]; thus the introduced dimensionless mobility2
\{elocny. These expressions containing t_he known errorfuncE:an be easily calculated. The experimental data also show
tions are useful for numerical computations. that with the increase of the electric fiell the mobility
starts to depend o8 and for large fielclic \JE. The interpo-
Il. THE MODEL FOR THE ION-NEUTRAL COLLISIONS lation between these two limits can in principle be also used.
AND THE ION MOBILITY However, in general the use of the concept of mobility,

) ) i i . which is appropriate if we do take into account only the
First, we introduce dimensionless quantities relevant Gyction and electric field force, is restricted. As soon as we

the high ion-neutral collision rates and emphasize physicahc|yde other forces acting on plasma ions, the balance of
grounds for such a normalization. The ion density, the  gjectric and friction force is violated. We need therefore to

electron densityN,, and the electrostatic potentigl are  ypiain an expression for the friction force dependence on the
normalized similarly to the collisionless case REF], i.e.,  jon drift velocity, which leads in the presence of only the

the densities are in units of the ion densNy, in the center  pajance of the electric and friction forces to the mentioned
of the void: n=N;/Njo, ne=N¢/Njo, and the potential is changed in the dependence of the mobility on the electric
normalized to the electron temperatuge=e/Te, wheree  fie|d. Such an expression for the friction forée can be

is the electron charge and the electron temperalyds  \yitten as

measured in energy unit§.e., the Boltzmann constant is

unity). The (dimensional electric field€ and the distanc& u

are normalized a& = fed’/ayT, andx=Xay/d?, whered, Fu=—(2+au). @)

= (T,/47N;oe?)*?is the ion Debye lengthT; is the ion tem- )

perature, an@y is the radius of a dust particle. Note that in The balance of the electric and friction forces then leads to
the case in which the ion-neutral collisions are negleftéd L

only the mean free paths for the collisions of plasma par- B e ——

ticles with dust are important. For the collision-dominated u= Ol_u( 1+XnaE=1), )
case of interest, there appears here a new charactersitic

length related to the ion-neutral mean free path. Since all thevhich gives us both the limitsx{a E<1 andx,a,E>1)
lengths(i.e., including those related to the mean free pathswith the known dependence of the mobility on the electric
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field. The interpolation can then be used to obtain the nuneutral collision forces acting on ions, we obtain the system
merical values of the coefficient, for the known experi- of equations in the void region, as follows.

mental data. But even without calculations, we can concludéi) The Poisson equation,

that in our dimensionless units the parametgishould be of

order unity. Indeed, if the cross sectiondoes not strongly dE
depend on the ion velocity, the friction force can be esti-
mated agnvo)u, giving (noyu for u<1 (when averaging,
we assume to be of the order of the ion thermal velogity
and (noyu? for u>1. The fact that we use,~1 in the

; (5

T ()
exp—¥)— o

dx g2

(ii) the ion momentum balance equatiomhich in general
ﬁQntains on the left-hand side the ion ram pressure and the
Ion thermal pressure and converts to the balance of electric

If we need to consider other forces acting on plasma ions"fmd neutral friction force if the ram pressure and ion thermal
Wwe can use expressidg) together with these forces in the Pressure are neglected
ion balance equation. If a void is in the intermediate regime 5
where the ion-neutral collision@lthough being importahnt (d_u 1@) _ . u .

) ) T + = (24 ayu) +E; (6)
do not dominate the ion ram pressure forces, we should per- dx ndx
form calculations taking into account the friction, the ram
pressure, and the electric-field forces. In this case, expressidiii) the expression of théminug electrostatic potential via
(3) is violated and the ion balance equation appears as athe electric field,
additional equation.

In the description of a void, it is necessary to know the dy
dependence of forces acting on the dust partidash as the ax E; ()
drag and the ion capture forncen the ion drift velocity when
the latter is close to the ion thermal velocity. These coeffi
cients can be calculated in the standard W&l (since the
cross sections are well knowand they are presented in the
Appendix for an arbitrary value of the ratio of ion drift ve- dd  exp— i)
locity to the ion thermal velocity. Thus all forces can be = (8)
written as functions of the ion drift velocity, and the case dx Xi
most interesting for applicatiorigvhere the ion drift velocity
is of the order of the ion thermal velocjtgan be theoreti- Here, the dimensionless quantitieanda are given by
cally investigated.

section.

n

“(iv) the ion continuity equation with the ionization term on
the right-hand side,

==, a=-'. )
IIl. EQUATIONS IN THE VOID REGION

The electron drift velocity in the void region cannot be This system of four equations contains four varialsies, ¢,
larger than the ion flow velocity, i.e., it is much less than thefﬁlnd E. We can further simplify it using some extra assump-
electron thermal velocity, and thus the electron friction withtions. ) _
neutral species is much less than the electric and the electron The ion ram and thermal pressure can be neglectiesé
pressure force. This leads to the following equatiand as a  EQ. (6)] x,>x,7, wherex, is the characteristic size of the

consequence to the Boltzmann distribution for electrons ~ Void. Note that this inequality contains the parameter
which is usually small in existing experiments. For this limit,

it is possible to use expressi@8) for the ion drift velocity,
1dne £ dy _ 4 and it is more convenient to introduce new dimensionless
ne dx - dx’ Ne=exp(—¢), @ variables E=Ex,, which is the ratio of the work produced

by the electric field on the ion-neutral collision mean free

L . . . . path to the electron temperatuse=x/x,,, which is the dis-
wherey= — ¢ is the(dimensionlessminus electrostatic po- X . . o .
tance in units of the ion-neutral collision mean free pd@h;

tential. We introduced the potentidgl in this way to have it L L ,
positive in the void and to see explicitly that the number of=a/Xn 7, which is the dust grain sizén units of the same

electrons decreases as the potential increases when we redBfan free pathtimes \7; andx;=x; /x,, which is the ion-

the boundary of the void. ization length in units of the same mean free path. The sys-
According to the known dependence of the ionization raté€m of equation5)—(8) in the void region in this case@nd

for the electron impact ionization, we assume that the ionfor this normalization reduces for the following three equa-

ization rate is proportional to the electron density. We thertions for the three variables, n,, and®:

introducex; , the length(in the units usedat which the ion-

ization causes the electron density to become unity. By de- dE 1 Day,
noting the ion flux by® =nu and by taking into account the ==\ e/ (10
ion ram pressure together with the electric field and the ion- dx D Vi+a,E—-1
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dn B (which is the function of the ion drift velocity and7/z) and
—= —neE, (11 Z4 is the dimensionless dust charge in units of the electron
dx charge. The balance equation for forces acting on dust takes
and into account only the electric and drag forces and is given by
dd E+ T 0 (18
n agl U, =|nuz=0.
—==. (12) 7z
dx X

The drag coefficientry, is calculated taking into account

Another simplifying assumption could be applied for a both the capture force and the Coulomb scattering fi8¢e
quasineutral plasma, i.e., whgp=>D (note that forx, of the  its analytical expression through the error function @yf(s
order of 1, we have simplp>1 in this casewhen we can given in the Appendixnote that the “collisionless” expres-
neglect the left-hand side of E¢). With this assumption, sion used in Ref{5] can be obtained from that given in the
further simplifications can be done for any value of the ratioAppendix in the limitu>1).
X; /7%y, i.e., for both the collision-dominated and collision-  The dust charges are determined by the charging equation
less voids. We find then without neglecting the ram pressure

and the ion thermal pressure forces that B n 1 T
exp(—z)—z\/;zn—e \/T,uad( U’E) , (29
_ u T 1
1+ 7(1-2u?) ZJF X_n(2+“uu) ' (13 where u=m;/m, is the ion to electron mass ratio, and the

capture coefficienty,(u,7/2) in its exact form as a function

This example shows how other ion forces can modify theof uandr/zis given in the Appendix. For the case in which
mobility and that the effective ionization length appears inEd. (19) is used at the boundary of the vdi find the value

the mobility coefficient together with the ion-neutral colli- Of the dust charge at the boundgrthe boundary values for
sion length. Equatioil13) also shows that only for<1 and N andn, can be substituted in E§19). When the ion ram
X,<X; /T can one use expressidB) for the ion mobility. ~ Pressure and ion thermal pressure are neglected, we obtain
With expression(13), we have from Eqs(5)—(8) only one  the equation for dust charges at the void boundary,

equation, O
neexp—z)=2ymz—(J1l+a,E—-1
du 11 1+7 +u2 2+ ayu X =2)=2\m au( ! )
dx Xi Xi1+7(1—2u?) X%n1+7(1—2u?d) 1 a, T
14 X Y =|. (20
(14 Ve N\ Vi+taE-1'2

This is an equation for the ion velocityin the void region. . ]
For the caser<1, it is possible(we remind the reader that N the case of a quasineutral void, the dust charges can be

the characteristic distances are redefined in this case 4Qund from a simpler relation,
X=x/x, andx;=x;/x,) to rewrite this equation af. Egs.

1 T
(10-(12)] op-n=2\m—aful]. @
F( m ch Z
du 1 o )
— == 1+U%(2+ ayu). (15  The parameteP inside the dust region can be calculated
XX explicitly as a function of other quantities in the dust region

L o o via the solution of Poisson’s equation in the dust region. The
The electric fieldE=EXx, in this case is given bysee also gxact expression is given in the Appendix.

Eq. (13)] The size of the void can be found as a simultaneous so-
- lution of two boundary conditions: the continuity of the elec-

E=u(2+ayu). (16)  tric field and the dust charges at the surface of the void. The
electric field from the void side is calculated numerically by

IV. EQUATIONS IN THE DUST REGION solving the system of equations inside the void region. The

) ) ) electric field from the dust side is calculated using expression
The momentum balance equation for plasma ions in th@1g) for which it is necessary to know the dust charges at the
dust region contains the dust drag fofeg, which is given  oiq surface. The dust charges are calculated by the second
by (see alsd5]) boundary equation, which in the corresponding limits is

. given by Eq.(20) or Eq.(21), respectively.

Far= adr( u, E

uzP (17
V. NUMERICAL RESULTS

(we remind the reader thatz=Z4e’ayT, and P Here, we would like to mention that there are two natural
=NgZ4/Njg), where ag(u,7/z) is the ion drag coefficient dimensionless parameters of the systédescribing the

056609-4



THEORY OF COLLISION-DOMINATED DUST VOIDS IN . .. PHYSICAL REVIEW E 63 056609

(@) (b)

// 004 0.06 0.08

FIG. 1. Dependence of the void parametersxgrand = in the rangex, nin<X,<10 and 0.02 7<0.1: (a) the surface plot for the
dimensionless void size, , (b) the surface plot for the dimensionless dust charge at the void boungary) the surface plot for the dust
density parameter jump, at the void boudary, anf) the surface plot for the dimensionless ion velocity at the void boundaryThe
results are obtained for quasineutral voids whegn0.2. Thevalue ofx, nin, wWhere the void size is close to zero, is 1.6 16+ 0.02; for
larger 7, the minimumx,, decreases. The figure shows that the size of the void at lowestreases withr.

void), namely,D, which is the ratio of the void size to the can be obtained after dust charges at the boundary of the
electron Debye length, and, which is the ratio of the ion- void are determined. The boundary conditions give two val-
ization length to the ion-neutral collision mean free path. Forues: the dust charge at the void boundary and the size of the
the second parameter, the density of neutral species is cageid. The electron and ion densities at the void surface and
celed in the final expressions since both the ionization ratghe value of ion drift velocity are found straightforwardly.
and the ion-neutral collision mean free path are proportionathe knowledge of these parameters is sufficient to find the
to the neutral density. Thus the parame¢edoes not depend yajye of the paramete? at the void boundary and thus the
on the neutral gas pressure and depends only on the ionizgymp of dust density. There could be two possibilities for
tion power. The parametdd is proportional to the neutral \hich the void does not exist: the absence of the solution for

gas pressure. In numerical solution in the void region we Willy,e b6 ndary conditions and the negative value of the param-
use either equations for the quasineutral void, which depené}[erp at the surface of the void

only on one parametgnormalizedx;) or for a void smaller The calculations are started in the center of the void

than or Qf the order O.f the electron Debye length, the sySterr>1<=0. The void is assumed to be planar and only 1D nonlin-
of equations depending on bothandx; .

In addition to the solution of the equations in the void ear equations are solvedat-0 (the void is also assumed to

region, it is necessary to satisfy the boundary conditions o€ SYmmetric with respect ta=0). At the center of the
the void surface, which additionally depend on the parametef©id, X=0, the electric field is zerdz=0, and the ion den-

x,, namely the ratio of the ion-neutral collision mean freeSity isn=1 (in the normalization usgdFor the quasineutral
path to the ion-dust collisions mean free path times the pa¥0ids, ne=n and the dimensionless electron density is also
rameterP. The value of the paramet@rhere is not arbitrary equal to 1. For nonquasineutral voids, it is necessary to use
and corresponds to its value at the boundary of the voidthe proper asymptotics in the center of the void:
which should be found as a solution of the boundary condi— Xx/x; ,E—2x/x; for x—0, which implies thatn,—1
tions. The value oP at the boundary of the void determines —2D?/x; (this condition is the direct consequence of Pois-
the jump of the dust density at the void surface. This jumpson’s equation Sincen,>0 in the center, the nonquasineu-
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(b)

FIG. 2. The same as in Fig. 1 but fay=1. The value ok, n»=2.6 is larger than that in Fig. 1.

tral void can exist only fox;>2D?. This condition is taken high ionization rate and the third case corresponds to the low
into account for the numerical solution of nonquasineutralionization rate(high and low ionization power, respectivily
dust voids. Figures 1, 2, and 3 show the corresponding results for the
For fixedD andx; for nonquasineutral voids or for fixed allowed range of the void sizes for these three values of the
x; for quasineutral voids, the void exists if the parameigr parameterx;. Figures 1a), 2(a), and 3a) show the size of
exceeds some critical value. In some cases, the void existhe void x, as a function ofx, and = in the rangex,
within a certain range of the values of the parametgbe-  >X; mi, and 0.02<7<0.1; Figs. 1b), 2(b), and 3b) show
tween X, min and X, max, @and for other conditions the void the dust chargeg, at the surface of the void in the same
can exist in several ranges of the parameter The bound- range; Figs. (c), 2(c), and 3c) show the jumpP, of the
ary conditions depend also on the parametetsT; /T, and  parametelP at the surface of the void; and Figsd} 2(d),
a=aqy/d;. The calculations were performed for the param-and 3d) show the ion drift velocityu, at the surface of the
eter range most interesting for existing experiments: 0.0%oid. The calculations are performed urnjj=10 (note that
<7<0.1 anda=0.1. In principle, the boundary conditions the latter is not related to the violation of the boundary con-
can restrict the range of these parameters as (feglla void  ditions). For larger values o%, the void can also exist, and
to exisy. Thus an increase of can lower the threshold for this was checked by calculation of several points wheye
Xn, as can be seen from the results given below. The resultsas larger than 10. Fot,~ 10, the size of the void is already
are presented for the parameter exceeding the threshold reaching an almost constant value and further calculations
for the smallest value of used. In this case, the results can are not necessary. Note that the size of the vgids nor-
be presented in the compact form as surface plots. All calcumalized to the mean free path of the ion-neutral collisions
lations are performed for argon plasma. times the ion to electron temperature ratiaand the constant
value ofx, in these units means that the void size is a frac-
tion of this mean free path divided by, i.e., it can signifi-
cantly exceed the ion-neutral mean free path. An increase of
In the case of a quasineutral void, the calculations werehe mean free path in this limit leads to the increasing size of
performed for the the dimensionless parametefthe ratio  the void proportional to the mean free path. This asymptotic
of the ionization length to the ion-neutral mean free path behavior is easy to interpret in a physical way: the size of the
being equal to 0.2, 1, and 5. The first case corresponds to theid is approximately equal to the ion-neutral collision mean

A. Numerical results for quasineutral voids
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(b)

FIG. 3. The same as in Fig. 2 but faf=>5; X, min=2.8.

free path divided byr. The voids larger than this size will =40, which corresponds to the initial electron dengity

not exist since the drag force will not increase with the size=0.45. The case dD =0.5 corresponds to the marginal vio-
of the void (ions accelerated in the void will be stopped by lation of plasma quasineutrality, while the cd3e=3 corre-

the ion-neutral collisions This behavior is found for all cal- sponds to the substantial violation of the quasineutrality. The
culations performed for the quasineutral voids. Asymptoti-results are shown in Figs. 4 and 5. The main features of the
cally, the constant determining what fraction of the meandquasineutral void survive, including, specifically, the ten-
free path(divided by 7) is the void size changes appreciably dency to have asymptotically a void with size proportional to
with the increase of; (the decrease of the ionization power X;, but the factor can be higher than 10. The minimum size
being 0.3 forx;=0.2 and about 1 fox;=5. The critical  Xn,min fOr X;=1 further increases up to 2.7. The new phe-
value of x, for which the void starts to form is shown in nomenon created by the absence of quasineutrality is the
Figs. 1, 2, and 3 as the minimum value of thexis. The presence of two zones of possible valuexpfor a void to
minimum valuex,, i, increases gradually witk; (with the exist. The second zone not shown in Fig. 4 is for the rela-
decrease of the ionization powefhis minimum value de- tively narrow range 1.4£x,<1.2. For the second set of nu-
creases with the increase of the temperature ratihe  merical calculations for a large violation of quasineutrality,
jump of the parameteP at the void boundaryP,, is the D=3 andx;=40(Fig. ), it was revealed that the two zones
highest when the void size is close %@ i, The ion drift of possible values o%,, determine the conditions for a void
velocities at the surface of the void are of the order of the iorfo exist. One of the zones is for the narrow rangexpf
thermal velocity, the minimum value being about 0.2 and thehamely 4.4 x,<5.06, and it is not shown in Fig. 5. Another
maximum value less than 2. With an increase of the ionizazone that appears at rather low valuesxgf namely 0.69

tion lengthx;, the ion drift velocity increases. <xp,<3.4, is presented in Fig. 5. For this zone, the value of
ion drift velocity at the surface of the void becomes very
B. Nonquasineutral voids large when the parametey, is approaching the largest pos-

. ) sible values in the zone.
As soon as the size of the void becomes comparable to the

electron Debye length, the condition of plasma quasineutral-
ity is violated. The two series of numerical calculations were
performed: one foD=0.5, x;=1, which corresponds to the According to recent experimenits—4], dust voids usually

initial electron densityn,=0.5, and another foD =3, x; appear from a uniform dust cloud as a result of an instability

VI. DISCUSSION AND CONCLUSION
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FIG. 4. The parameters of the nonquasineutral voidxfer1,D=0.5 (compare with Fig. 2 X, min=2.8.

associated with increased local ionization in spontaneouslypate from a distant plasma source. Thus there is an inward
appearing depletions of the dust number density. In the reion flow that creates an inward ion drag force. This collapses
gion of reduced dust density, there are more electrons sina@e dust cloud, whose size also, like that of a void, can be
fewer of them are absorbed by the dust. The higher electrofegulated by the balance of two forces, but now they are the
density leads to higher ionization rate. This region of in-gutward electrostatic force and the inward ion drag force.
creased ionization will develop an increased positive space |n most of the existing experiments, the voids are either
charge with respect to the surrounding medium. As a resulilision-dominated with respect to the ion-neutral collisions
the outward ion flow develops. Thus there appear two forceg; marginal between the collision-dominated case and the
acting on the negatively charged dust particles: an inwardjisionless case. Thus the present theory gives results that
electrostatic force and an outward ion drag force. For a small,, pe girectly compared to experimental data. The results of

gg:\t'sﬁle Zgﬁém)en'gg\’?gg ;ﬁ;gg ;\;:gr?em'ré?;g an:a';'”;gsvg\lj;:experiment$2] can be qualitatively explained by the present
y dep ppear. theory. The size of the voids observed corresponds to the

if the particle exceeds a critical size, the outward ion dragmean free pathwith respect to the ion-neutral collisions
force exceeds the electrostatic force. The region of reduced. . bati P S .
ivided by the ion/electron temperature ratio, ix,/7 in

dust density will then expel more dust particles, and the fluc- di onl . hich q h .
tuation will grow. After sufficient growth, the mode becomes ©Ur dimensioniess units, which corresponds to the experi-

nonlinear and the growth saturates. One possible final stat8)eNts[2—4]. An increase of the size of the void with an
as seen from this study, is a stable void. increase of the ionization power is observed in coincidence

The existence of a void requires a local source of ionizaWith the theoretical results of the present paper. The larger
tion in a background p|asma such as that in gas dischargége size of the dust partiCIes, the smaller is the mean free
used for plasma processing and dust-plasma crystal expei#ath in ion-dust collisionslizlad, thus for fixed pressure the
ments, where the ionization is due to electron impact, alvalue ofx, (the dimensional ionization distance is normal-
though photoionization and other sources of ionization couldzed bydf/ad) increases and a comparison can be made with
have a similar effect. In the absence of local ionization, thehe mentioned asymptotical behavior of dust void size with
dust cloud, a structure converse to the void, can appear. Thitee mean free path. The validity of the results are confirmed
situation can be applicable to astrophysical dust cld@s since the value of the ion drift velocity at the surface of the
when, in the absence of local ionization, the ions must origivoid is not larger than 2 when the use of the dependence of
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(a) (b)

() (d)

FIG. 5. The parameters of the nonquasineutral voidkfer40D =3 (compare with Fig. % X, nin=0.69.

ion mobility on the drift velocity used in the model is known the case in whiclhu~1, when the further increadavith the
to be experimentally verified. distance off the center of the voidf the ion drag force

We note that a “collisionless” void5] can be sustained actually stops. Note that the dimensionless ion speed is typi-
by the ion drag force when the ions have a velocity greatecally of order unity at the void edge. On the other hand, the
than the ion thermal speedi>1 in our nondimensional charge of a dust particle enters also the force balance equa-
units. That is because the ion drag force increaseswitit ~ tion, and is also a function of the distance. The result is a
u<1 and then it decreases witifor u>1; at still higher ion
speeds, where the Mach numbir is greater than unity, 2.5 . .
M>1, there is a third regime dominated by the ion collec-
tion force by the dust where the ion drag force once again .
increases withy; see Fig. 3 of Ref[5]. We recall that in the 2 R
collisionless void model, as ions flowed outward from the g
void center, the ion velocity was greater than the ion thermal .
speedu>1, andu increased with the distance from the void L5 7
center. That meant that they were in the regime in which the
ion drag force diminished with distance from the void center.
At a sufficient distance from the void centerbecomes suf- 1
ficiently high that the ion drag force is no longer bigger than
the Coulomb force in the opposite direction, and then there
can be dust particles present. 05

In the colllisional case, see Figs. 6 and 7 of the present
paper, it appears that<1 almost everywhere in the void.

That means that the ion drag force is basically in the regime 5 — 0.5 1 15 5 25 3
in which the force increases witly which is different from x
the collisionless case studied in RES]. In particular, in the FIG. 6. An example of distributions of the electron and ion

collisional case, the electric field and the ion drag force bothyensities, electric field, ion flux, and ion drift velocities in the void
increase with the ion speed. However, the faster increase @égion for the case;=5,0=0.5 The size of the voidwhere the
the electric fielde can lead to the force balance, especially inlines should finishis not determined.
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12 which we can hardly observe in these collision-dominated
voids, and the assumption of the neglect of the thermo-
1~ — phoretic force is justified. We finally note that the present
theory does not provide the initial transition stages of the
0.8 - void formation, but rather demonstrates the existence of sta-
tionary solutions in the case of bordering void-dust regions.
0.6 - . Instabilities leading to the void formation should be studied
separately.
04 Eo ” -
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the quasineutral assumption is matiee parameters marked by the

superscripf]) with the distribution of the void parameters when the

quasineutral assumption is not made for the case of marginal

quasineutrality conditions. The valae=5 is the same in compari-

son while the value ob is D=0.5.

APPENDIX: GENERAL EXPRESSIONS IN THE DUST
REGION

The plasma capturécharging coefficient a., and the
plasma drag coefficientsy, have the following dependence
ont=17/z and on the ion drift velocity:
complex interplay of a number of functions of the distance

from the center of the voidthe electric field, dust charge, erf(u) ) texp( — u?)

speed of the ion flow, etg.see Fig. 6. ach=—g, (2Ft+3u - W (A1)
In our calculations, we neglected tkgossible influence

of the thermophoretic force associated with temperature gra- erf(u) 1

dients. The gradient of the neutral temperature in the void,, — [t(—1+4u2+4u4)+2t(—1+2u2)+4ln —”

region is produced by the flowing ions colliding with the 8u® a

neutral species. The drift velocity of the ions increases to- o) L

wards the boundary of the void. However, for the thermo- expi—u 2

phoretic force to be comparable with the other fortes., N tft(1+2u9)+2]-4 In(a) : (A2)

the ion drag forcg we have taken into account in our calcu-
lations that it is necessary for the drift velocity to be of orderThe solution of the Poisson equation in the dust region gives
of the Bohm velocity, i.e.u of the order of m,/my)¥2  the analytic expression for the parameRer

T 2 z a(aer) 2
(n—ne);Jru nadrﬁ 77 —Zngaga, |(1—2u%)+A
P= , (A3)
T
(—z—znadrach)(l—Zuz)—B
a
where
R=1+ erf(u) A4
7 duzag, (Ad)
nu(d(zay,) ne 1 1 [dae)|| , ne ,1
A_ﬁ 7z nuzadr+2ua°hF_x_nu(2+a“u)_a_m ks nZad,—achF—u X—n(2+auu)
dag\[uznay 1 Ne
+ —uc—(2+ —ah—|-
nuz( au) " u Xn(2 ayu) aeh (A5)
nu H(Zadr) V4 dach UZZadr dah Z\day
=— —— - + + — —|—=.
B ( 97 u 2ach Tadr U o, U nuz a.,—u adr’T U (A6)
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The value of parametd? at the surface of the void can be numerically in the void region at the position at the void
found by substituting in Eq(A6) the densities of electrons surface. The parameteiat the void surface is found directly
and ions and the ion drift velocity from the results obtainedby solving the boundary conditions.
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