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A dust void is a dust-free region inside the dust cloud that often develops for conditions relevant to plasma
processing discharges and complex plasma experiments. A distinctive feature of the void is a sharp boundary
between the dust and dust-free regions; this is manifested especially clear when dissipation in the plasma is
small and discontinuity of the dust number density appear. Here, the structure of the dust void boundary and
the distribution of the dust and plasma parameters in the dust structure bordering the void is analyzed taking
into account effects of dissipation due to the ion diffusion on plasma neutrals. The sharp boundary between the
dust and void regions exists also in the presence of the ion diffusion; however, only derivatives of the dust
density, dust charge, electron density and electric field are discontinuous at the void boundaries, while the
functions themselves as well as derivatives of the ion drift velocity and the ion density are continuous.
Numerical calculations demonstrate various sorts of diffusive dust void structures; the possibility of singulari-
ties in the balance equations caused by the diffusion process inside the dust structures is investigated. These
singularities can be responsible for a new type of shocklike structures. Other structures are typically self-
organized to eliminate the singularities. Numerical computations in this case demonstrate a set of thin dust
layers separated by high density thin dust clouds similar to the multiple-layer dust structures observed in the
laboratory and in the upper ionosphere. The possibility for existence of a few equilibrium positions of the void
boundary is discussed.
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I. INTRODUCTION the dust density as well as the ion and the electron density

Recent observationgl,7] clearly demonstrate the pres- distributions and the dust charge inside the dust sheath. It
ence of sharp boundaries separating the regions containii%"’ls also showrf4,5] that when the dust pressure is ne-
dust grains and the regions of the absence of dust grains ected, the Pafamete?. [see-Eq.(l) beIpM and the dust
dust voids. A dust void appears as a dust-free region whefgUmber density are discontinuous while other parameters
the plasma ionization rai@omparatively higher than that in SUch as the electron and ion densities are continuous.
a dust region due to strong plasma dissipation on dust par- _thuaIIy, dlss]pe}{tﬁve ?rogesgehs éeng to S”.‘bocith addlstcontl—
ticles) supports an outward ion flow exerting an outward ionnlUI Y (as,trt]a.g.,.tm fi € stan a.;. ytl rodynamibs I'.n tug y
drag force on the dust particles, as sketched in Fig. 1. Th%asmas = spuation Is sighificantly more complicated since

. . . e discontinuities themselves are created by dissipative pro-
sharp dust-void boundary presents a new type of discontinUzggqeg related to plasma absorption by dust grains. In Refs.
ties in a dusty plasma where the dust density can chan

. . . o 9%,5], such dissipative processes as the ion friction on dust
rapidly while the ion and electron densities as well as the%:ains due to Coulomb scattering by dust charges and due to

dust charge are continuous. The observed boundaries are Qfe jon and electron absorption by dust particles were con-
ten Stationary, with the established balance of forces aCtingidered’ and the drag of dust partic]es by the ion flow was
on dust particles. calculated. It was obtained that these processes not only fail
First theoretical treatment of such boundaries completo smooth the boundaries, on the contrary, they create them.
mented with the proof that these boundaries are sharp waphus in[3] and[7] the theory of dust void was proposed for
done in[4] (see[5] for more details where the model of the two limiting cases where the ion friction on the neutral
self-organized dust sheatf] influenced by the flow of gas atoms is assumed to be snjdlland in the case where
plasma ions from both sides was considered. It was demorihe ion-neutral friction is dominatinfyr].
strated[4] that a direct consequence of the Poisson’s equa- The first case refers to a “collisionless void” and the sec-
tion and the stationary force balance equations requires and is related to a “collision-dominated void.” The collision-
sharp boundary and that the considered model can providess void appears when its size is much less than the ion-
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FIG. 1. Sketch of a voidleft) and its converséright). In the presence of the plasma ionization, a positive space potential develops,
creating an outward ambipolar electric field that drives ions outward, applying an outward ion drag force, which can maintain a void. In the
absence of the ionization, for example in a space plasma where plasma is generated far away, the dust cloud forms in the complementary
shape of a spheroid, with its boundary sustained by an inward ion drag force driven by an inward electric field. Reprinted from Goree
et al. [3].

neutral mean free path; in the opposite case, the void ispposite velocitiegof the order of the Bohm velocijat the
collision-dominated. The difference between the developedvall. For the near-wall voids, the dust-void boundary is also
theory[3,7] and the preliminary consideratiof,5] is that  shown to be sharp. A review of the void theory was given in
the ionization source was taken into account in RE&sand  Refs.[9] and[10]. Thus the problem of the structure of the
[7] which (as it is practically observed in experimentgas  dust-void boundaries in a dusty plasma is a hot topic of
assumed to be homogeneous and proportional to the plasnearrent and future experiments.
electron densityin Refs.[4] and[5], the ionization source In this article, we investigate the dust void structures in
was ignoredl It was demonstrated that the presence of theahe case when the ion diffusion on the neutral gas atoms
plasma ionization is crucially important for the theory of plays an important role. We demonstrate that this dissipative
voids since the ionization source produces the ion flow to th@rocess not only allows the existence of the dust veigs,
boundary thus supporting the void. the absence of dust grains in the void regibat can create
The model[3,7] has proved that the dust boundary is new types of discontinuities inside the dust structure.
sharp for both the collision-dominated and collisionless The results are obtained for a one-dimensional model,
cases, and the jump of the dust number density at the boungith planar geometry that is symmetric about the center of
ary was calculated explicitly. The boundary conditions at thethe void, by numerical investigation of the stationary force
void’s surface were solved together with the condition thatbalance equations for the void structure. When including the
the dust density discontinuity creates a positive dust densitprocess of the ion diffusion, we investigate not only the po-
in the dust region, otherwisgeven if the boundary condi- sition of the void boundary but also the distribution of the
tions are satisfied but the calculated dust density is negativglasma parameters in the dust region next to the void region.
the solution(if exists) is nonphysical and such a void cannot We consider here only the dissipative process related to the
be created. The void sizes predicted by the thg@tcorre- ion diffusion on the neutral gas atoms and neglect the less
spond to those observed in experimeidi®]. The calculated significant processes such as the dust pressure effects. We
size is of the order ok;,/ 7, where\;, is the mean free path note that the latter can lead to higher derivatives of the dust
for the ion-neutral collisions and=T,/T, is the ion to elec- density, the electric field, and other dust and plasma param-
tron temperature ratio which in experiments (&-293 eters, and can in principle smooth such discontinuities at the
X 1072. Thus the calculated void size is significantly largerdust boundaries as the dust density jumps as well as the
than the ion-neutral mean free path, the same as in the exliscontinuities of the derivatives of the dust and plasma pa-
perimental observations[1,2]. This is the collision- rameters.
dominated case. In the considered model, we numerically investigate the
Sharp dust boundaries were also investigated between th®n-linear balance equations and obtain novel unexpected
dust cloud and the wallwhich is at the floating potential results. Namely, we show that if the ion diffusion on neutral
condition) [8] when so called near-wall voids appear. Thegas atoms is taken into account, the dust density has no dis-
equilibrium conditions requires that within the near-wall continuity (according to the boundary conditions usetthe
void the direction of the ion flow changes: it is directed to surface of the dust boundary; nevertheless, the ion diffusion
the dust cloud far from the wajhnd near the dust boundary process still creates sharp dust boundaries with complete ab-
while it is directed to the wall in the region closer to the sence of dust in the void region. It appears that not the dust
latter and far from the dust. The peculiarity of these voids isdensity but the derivatives of various plasma parameters
that for the “ordinary”(i.e., not near-wajlvoids the ion flow have discontinuities at the dust boundary. Note that in the
velocity becomes zero far from the dust boundéarsgmely, presence of the ion diffusion the condition that the dust den-
in the center of the voids discussed in Ref3] and [7])  sity is zero at the void boundary is automatically fulfilled
while for the near-wall voids it crosses zero and reaches higiwhen the boundary conditions are satisfied. We therefore
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loose the previous important condition that the dust densityather thin cloud. Note that sets of thin dust layers found
jump at the boundary is positive which was crucial for thetheoretically in the present paper were also observed in the
selection of those surfaces that can describe the dust voidgboratory experimentdl] as well as in the lower ionosphere
from other nonphysical surfaces satisfying the boundary conf12]. In this paper, we show that the presence of the singular
ditions. Thus in order to construct the theory of dust voids inPoints in the dust region requires such an adjustment of the
this case we have to revise the main concepts and procedur@yst and plasma parameters in this region which is probably

of the theoretical study of the dust void formation. This isOccurring at the stage of formation of the structure which
done in the next section. therefore self-organizes itsdlf3]. We also find that the dust

and the ion densities steepen at these singular points.
In the present study, we ignore the dust pressure effects
Il. MAIN CONCEPTS, PROCEDURE, AND ASSUMPTIONS proportional to the gradient of the dust density; in principle,
) ] _they can be important close to the singular points since the
First, we introduce here the concept of the dust charge ijust density gradients rapidly increase close to the singular-
the absence of dust and call it thetual dust charge. The jty. Although these effect can smooth the singularities, the
virtual dust charge merely indicates that if a dust particle iseal thickness related to the¢for the parameters of the ex-
placed in some region in a plasma, it will be charged correisting experimentsis at least two or even three orders of
sponding to the virtual charge at that point. We note here thatnagnitude less than that considered here. We therefore con-
forces acting on the dust grain will move it if the chosencentrate here on the possibility that the dust cloud is self-
position does not satisfy the equilibrium force balance con<consistently adjusting its parameters at the points where the
dition (see, e.g., recent dedicated experiméhi$). The pro- ion flow velocity is close to zero in such a way that the
posed concept is close to the concept of the field strength imingularity vanishes. We perform an analysis showing that
electrodynamics: the force acting on a charge realizes onlthe ion to electron density ratio at the point with the zero ion
when the charge is actually placed at the point where thélow velocity should achieve a certain value that makes it
field exists. possible for the solution to pass this point and thus to de-
In the absence of dust grains the void boundaries can bgcribe the existence of the dust cloud. We thus start our nu-
obtained as virtual boundaries. The mof&l], dealing with  merical calculations at the center of the void region which
the boundary conditions at the void surface and assuming theorresponds to the point with the zero ion flow velocity and
jump of the dust density at the void boundary, can predict thggroceed up to the void boundary, finding possible nonlinear
virtual void size; however, the virtual dust charge can besolutions of the balance equations taking into account both
obtained only at the void surface in this approach. Here, wehe ion pressure and the ion diffusion effects. This allows us
use the concept of the virtual dust charge to calculate nab determine the void and the dust regions.
only the void boundaries, but the actual dust density distri- The diffusion of plasma electrons in the neutral gas is
bution. neglected here since it is typically smaller than the electron
If to relax the condition of the dust density discontinuity pressure effect; it is therefore assumed in our model that the
at the boundary, some solutions reveal negative dust densilasma electrons can be treated adiabatically. The electric
in the region occupied by dust. We thus need to perfornfield is produced by the electrons, ions, and charged dust,
further investigation in order to exclude the potential pres-and it is shown that this field differs from the ambipolar field.
ence of nonphysical negative dust densities in the dust ré-urthermore, only stationary dust structures are analyzed. We
gion. It appears that this new condition should stand for thelo not exclude that non-stationary or “breathing” structures
condition of the positive dust density jump at the boundary(like “hearthbeat” voids observed experimentaltgn appear
used in the previous theorig8,7]. We therefore perform for those parameters when the stationary structures cannot
here a complete investigation of the void and dust regionsexist. This problem is not considered here as well as other
We obtain numerically that indeed some solutions of the baltime-dependent problems. It also seems to be no surprise that
ance equations in the dust region give the nonphysical resuiven a simplified system of nonlinear equations used in our
if initial parameters in the void region do not set up properly.model here has a number singular points. Indeed, even sys-
The procedure includes the following: In the center of thetems of nonlinear equations of much simpler types are
void, in addition to the ion density, we also need to fix theknown to describe singularities like strange attractor. Thus
ratio of the electron to ion density. By varying and adjustingfurther mathematical analysis of our nonlinear system, for
the latter, we can determine the critical value when the dustxample, to investigate appearance of strange attractors, is
density starts to increase from the void’s boundary. This conene of possible further developments of the present study.
dition appears to be the necessary condition for the boundary The paper is organized as follows: First, we set up the full
to exist and the structure of the dust region can then bsystem of the balance equations for stationary structures tak-
(numerically calculated. For such a boundary we can obtaining into account the ion-neutral diffusion, the ion pressure,
the structure of the dust cloud behind the dust void boundaryand the dust pressure effects. Its derivation is related to the
We can also numerically determine possibiegularitiesin ~ force balance in the hydrodynamic approach and the stan-
the dust region. In the one-dimensional model consideredard OML approach for the dust charging. We write these
here, they indicate the points where the ion flow velocityequations in the dimensionless form, the same as that used in
tends to zero or the electron density tends to zero. In thesRef. [7]. Then we derive equation@nd numerically solve
cases the size of the obtained dust cloud can be of the ordérem) in two limiting cases, namelyl) when the ion pres-
of the ion-neutral mean free path, i.e., corresponding to &ure is taken into account but the ion diffusion on neutral
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dust | void | dust The total system of balance equations is given by the
| | My following.
\ ; (1) The electron balance equation including the electron
\le—— ionflowy —|; pressure force balanced by the electric field force,
] J
\‘ ’l d
\ : = _ngE. 3)
<4 I‘\ (] /II 3 dX
< | 1 | i
void edge 0 X, X (2) The ion balance equation including the ion pressure

force balanced by the electric field force, the friction on the

FIG. 2. Sketch of the one-dimensional simulation region. A dustqyst force and the friction on the neutral atoms force,
cloud fills all space except for a void region of full widttx 2with

the center ak=0. dn
T& =n(E - ag uzP-u(2 + an|u|)), (4)
atoms is neglected, an@) when the ion diffusion and the

ion pressure are taken intp account but the dust pressure \}ﬁqereadsadr(u,r/z) is the dust ion drag coefficient which
neglected. The calculated ion diffusion effect as compared tg; cqjculated taking into account both the capture force and
the ion pressure effect has only a numerical factor\B/3 the Coulomb scattering fordg]. In the limit 7<1, ag, de-

garded as small enough thus justifying the possibility of ne-

glecting the ion diffusion in some approximations. Finally, in
the last section of the paper, we discuss the main results. ag(Ju)) =

(5

—

erf(u))  exp(-u?
( 3|) - XF,]( g ))In A,
2|ul VU

lIl. GENERAL BALANCE EQUATIONS , o ,
where InA is a generalization of the Coulomb logarithm

We consider the one-dimensional model as sketched igaking into account the collective plasma effects, the finite
Fig. 2. The overall approach assumes a planar geometry thatist size, and scattering on large angles. Furthermgyre)
is symmetric about the center of the void which is located agq. (4) is a numerical coefficient describing the nonlinearity
x=0. The ion drift velocity is zero at the center. When theof the friction force on the neutral atoms which is typically
void appears, its center is &&0. The void’s surface corre- of the order of 1(thus taken equal to 1 in further numerical
sponds tok,. The dust region correspondsxe- x, where the  computations hepe This value ofe, is based on the experi-
dust number densityy is finite (and positive. mental dependence of the ion mobility on the electric field in
To describe collision-dominated structures with sizesa low-temperature plasnja4] which demonstrates that with
which assumed to be much larger than the ion-neutral meaghe increase of the electric fiel the mobility starts to de-
free path, we useas in Ref.[7]) the dimensionless variables pend onE and for large fieldi<E, i.e., the ion friction force
given by on the neutral atomsu?.
(3) The dust balance equatidbalancing the dust pressure

n— ﬂ, Ne — &, P= nd—zd, u— /_L force by the electric field force and the ion drag force
Noo Noo Noo V207
4Py P(E 6
B\, xr Z4& T2 o\ 7) =~ P(E~Nagl2). (6)
E— y X——, z=——, T=—_-, (@
T; Nin aTe Tea

(4) The ion continuity equation determining the ion drift
wheren;, n,, andny are the dimensional ion, electron, and velocity and containing the ionization source and dissipation
dust number densities, respectively, is the dust charge in on the dust component
the units of the electron chargéhe dust is assumed to be

charged negatively u, is the ion drift velocity, v dd n,
=(T,/m)Y? is the ion thermal velocityT, and T; are the dx Z_O‘C“Pn’ ()
electron and ion temperaturdg, is the dust kinetic tempera-

ture in energy unitgall temperatures are assumed to be ho-where® is the total dimensionless ion flux, is the dimen-
mogeneous and constant=T;/ T, is the ion to electron tem-  sionless ionization lengttsee[3,7]), and a., is the the cap-
perature ratio assumed to be smaj,is the dimensionless ture coefficient appearing also in the dust charging equation
dust temperaturgalso assumed to be smalE is the electric  (10) which in the limit 7<1 depends only on the ion flow
field, \j, is ion-neutral mean free path,is the dust size, and velocity:

z is the dimensionless dust charge. Finathyg is the ion

critical density used for normalization of the plasma electron 1
and ion densities ag(ul) = a erf(|u]). (8)
2
_ o NaT_ Api 7 _ 7T (5) The ion flux relation including the convective flux and
Ngo = Ng =ng = . (2) e
Nin a N, 4me\a the diffusion flux
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dn real structures and their smoothness can be finally produced
®=nu- de_x' 9) only by the dust pressure effects; in the present investigation
we neglect the latter by puttingy=0.
whereayp is the diffusion coefficient of the ions on the neu-
tral particles; it given byap=1/3y2=0.236 if estimated as

\invti/ 3 for T,=T, (T, is the neutral gas temperature in en- IV. VOID STRUCTURE AND THE ION PRESSURE
ergy unitg. EFFECTS
(6) The dust charging equation obtained from the balance ) ] ) o
of charging currents on the dust grains We start with the equations where the ion diffusion and

the dust pressure effects are neglected while the ion pressure
effects are included. This requireg <1 which in fact is not
extremely small:ap=0.236. However, the use of this as-
sumption is a good illustration of the problem since we can
Here, the charging coefficient, and the drag coefficient;,  easily obtain both the void structure and the dust sheath
in the limit 7<<1 are functions of the ion drift velocity only structure having no problems with the point0 in this ap-
proximation. We assume that 0 is in the center of the void

ldz_ 1 (E 1dn+idachd_u>

—— = — 10
zdx z+1 ndx ag, du dx (10

ag(u) = erf(|u)) _exp(- ) In A (11) and start numerical calculations from this point in the void
ar 2|uf? N ’ region for x>0 to find the boundary, of the void. The

equations used in the void region are
where InA is generalization of the Coulomb logarithm tak-
ing into account the collective plasma effects, the finite dust

size, and scattering on large angles. du __\u E—u2+ + Ne. 14
(7) Poisson equation dx 7-[ U@ +ub) ny’ (149
dE 1
——=5(-ne-P), (12)
dx d dn n
——=—[E-u(2+|u])], (15)
where dx 7
a
d’=—. (13)
i d
Nin e __ neE, (16)
Similar system of equations was used previoy8ly] by dx
neglecting the dust pressurg— 0 when Eq.(6) describes
sharp boundariesP=0 at one side of the boundary aifd
=nuzy, at the other side of the boundaryhe ion diffusion de_1 17
ap—0 and/or the ion friction on neutrals. Note that the dx ~ dZ(n Ne). 17

present system of the balance equations is written for the first _

time in this full form and an important point here is the =~ We solve these equations for the set of the parameters

explicit expression forry containing no parameter able to =0.05,x=2, d=0.2, andn,=2. These values are close to

change in the appearing structures. typical parameters of c'o.mplex plasma_ experiments s_uch as
There are two small parameters in the System, narn-e'y, [2] The bOU_nda_ll’y conditions for the void Sqrfe(l_’ltlnuﬂiy

<1 and7y<1. Indeed, in a typical complex plasma experi- Of the electric field and the charging equaji@me given by

ment (see, e.g[2]) 7~ 102 and 7y~ 1073 for the electron

temperature of a few eV, the dust size a few microns, and the

dust kinetic temperature of the order of 10 évhen in the

crystal phase, the dust kinetic temperature is even.léss

the above theory, these parameters appear at the derivativggd

of the corresponding functions which makes the full set to be

of higher order in the derivatives, thus raising the known —

mathematical problem of the possibility of neglecting the A n(x,)

terms at the next higher derivatives. Below we carefully ana- exp(=2,) = Tm./me“Chqu(Xv)')Zvn (Xv )’ (19

lyze this system numerically, exclude nonphysical numerical ' e

instabilities, and point out the actual singular points in the

system. We obtain that the real smoothing of the discontinuiThey give x, and z, and we therefore find,=n(x,), ne,

ties in the described system is related only to the small pa=ng(x,), u,=u(x,), and P,=P(u,,n,,ne,,z,). We obtainx,

rameterry while the effects related to the parametecan  =0.19004, z,=2.82089, n,=2.32804, n,,=1.91211, E,

even create new discontinuities. However, since for a typicar0.45031,u,=0.07948. In the dust region the Poison equa-

experiment the parametey is much less than the parameter tion gives the value oP as a function of other parameters in

7, sufficiently sharp discontinuities should be present in thehe dust region

E(x,) = n(x,)Z,u(x,) ag(|u(x,)]) (18)
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adr(|u|)nz+ R(u,2)
z+1

(nz—2—IUI)]

n-ng+ dzadr(|u|)u2nz{

P(u,n,n.,2) = (20)

: ,
1+ R (g gz )|

where the parameté®(u,z) is related to the dependence of its derivatives(although this might not be quite clearly seen

the dust dragyy, and the charging, coefficients on the ion
flow velocity u
1 dadr(|u|) _ 1 u d(ach(|u|))
a’dr(|u|) du (1+2 a’ch(|u|) du
(21)

R(u,z)=1+u

from the figure but can be easily demonstrated from the cor-
responding equationsAt the end of the structure, whef

=0, the derivative oP is also discontinuous. It can be seen
that the solution in the dust region has no singularityuat
=0 and this is related to the fact that the electric field, being
proportional tou (due to the dust balance equatipvanishes

for u=0. Also, no point wherdR=0 is reached in the dust

Using the above found values at the void surface we can fingegion. The expressioR in denominators[see, e.g., Eq.

the jumpP, of P at the surface, i.e the value at the dust
side of the surface. From Eg&0) and (21) we obtainP,
=0.3686 which is positive and since the conditi®y>0 is

(22)] appears when resolving the system of equations for
du/dx and dn/dx. Note that in the two-dimensional case
when the same system of equations with nonzero dust veloc-

satisfied, the sharp dust void surface exists. All the paramity describing formation of dust vortices has additional term
eters found at the surface can be used to solve the equationgdz/dr, no such singularities appear for dust rotation. Thus

in the dust region up to the poi®=0 together with the
boundary conditions at the dust surface. We have

d_u _Ry(u,n,ng,2)

dx Ruz2 ' (22
d
o7 lag(u)An-Punn,2] -2} (29)
d
o= - unnzag(lu), (24)
%Z( = Ry(U,N,Ng,2), (25)
where
= _agllu)znd 2P
1(u,n,ng,2) = T4z T(1+Z){adr(|u|)z[n
- P(u,n,n,,2)] -2 —|ul}
n-ne— P(u,n,ng2)
Parg|u)zn (20
and
RA(UNNL2) = = z 1 dagy|u]) Ry(u,n,n,2)

z+ 1| aglu)) du R(u,2)
+ Eadr(|u|)z[n - P(u,n,Ng,2)] + ag(|u))znu|.

(27)

R=0 in the one-dimensional case corresponds to the possi-
bility of generation of dust vortices in the two-dimensional
consideration. The absence of such a singularity for the re-
sults shown in Fig. 3 suggests that for the used set of param-
eters the dust vortices cannot be excited in the dust region. It
is important that the sign af changes inside the dust region.
Mention that for another set of the initial parameters, the
expression foR can reach zero inside the dust reg{@rhich

can indicate start of dust convection in the two-dimensional
cas@. In the case when the second surface is not a free sur-
face, as was assumed for the pdist0 shown in Fig. 3, and
the wall is present at the floating potential, the dust region is

' T
n.,
3+ - ’ |
n f ) P
2T Tr-e-. r.] e - ’ T e =
Rl T T R ] e
rs \"
:"' '\'
1r Void | Dust . A
rl ..
u__Ip, u \
O emm Ve L 3
P=0
1 | | |
0 Xy 04 06 .

FIG. 3. Distribution of the main dimensionless parameters in the
void and the dust regions in the case when the ion diffusion is
neglected. Herer=0.05,x=2, d=0.2,ng=2, andny,,=0.98. At the

The solution is presented in Fig. 3. We can see that at theust boundary, the paramefeias well as its derivatives are discon-

dust boundary not only the paramegis discontinuous but

also its derivatives, as well as the jump occursdofdx and

tinuous. At the end of the structure, whd?e 0, the derivative oP
is also discontinuous.

066408-6



THEORY OF DUST AND DUST-VOID STRUCTURES IN.. PHYSICAL REVIEW E 70, 066408(2004)

not continuing up td=0 and before that point another jump ® =nufl + ap[2 +|u| + (P - n)agyz]}. (31
of P can occur leading to mear-wall voidwhere the ion drift )
velocity changes it sign once more and it is started to b&/Ve can now see that the total flux vanishes wben0. As
directed to the wall. Note that only in this case the boundanfn independent new variable in the dust region we can
conditions for the floating potential at the wall can be satis-cN00se eitherb or P. We mention this possibility for the
fied. purpose to check the absence of a numerical singularity
The above picture can serve as the reference starting poiMflen calculating the void boundary structure. For example,
for further investigation of the dust-boundary structuresUsSing ® as an independent variable, numerical results can
Mention that before starting the calculation we need to fixl€ad to accumulation of errors feb which will then not
the values of the ion and electron densities in the center ofanish whenu—0 thus giving a numerical singularity. By
the void. The ion density was chosen such that solutions dfSing another variable this will not happens. We completed
the boundary conditions exist and the electron density wa8umerical computations with both variables and checked the
found from the condition that at the center of the void the@Psence of the numerical singularity. Note also that close to
second derivative of the ion density is zero. The conditiond!=0, €xpressions containing derivatives with respect to the
for other parameters and E were chosen from the asymp- veloqltyu in the ion drag and the_dust charging are given as
totics of the equations fon—0 andE—0 at the center of & rat|o.01_‘ expressions both of which tend to zero; thus again
the void. The condition of vanishing of the second derivative? POSsibility of a numerical error appears. We thus performed
of the ion density seems to be a bit artificial but it is requiredSPecial calculations finding analytically the mentioned ratios
from the equation where the diffusion is taken into accoun@nd checked the absence of the numerical error at this point.
assuming that close to the void center the ion flux is convecAfter elucidating the numerical errors, we still obtain some
tive. Note that while ignoring the diffusion at this stage, we Physical singularities ai— 0 in the dust region. Their pres-
still keep the boundary condition that it introduces. This is€NC€ iS due to the necessity of an exact adjustment of the
not obligatory but for this value of the electron density therat_lo of the electron to ion densm_es in the center of_ the void
solution obviously exists. It should be also mentioned thafWith which we start the calculationsHere we provide an
the condition of local quasineutrality of the plasma at the€X@mple using the same conditions in the center of the void
void center cannot be used although the electrons and ior$ those in the case when the ion diffusion was neglected.
are created in pairs in equal amount, since the electrons have !N the void regionP=0 and the electric field is not deter-
large thermal velocity and are rapidly redistributed in theMined by the ion drag force. Using the basic equations, the
void region under the action of the electrostatic potentiaflux ® can be expressed through the electric field

appearing there. _ ® =nu+ apn(u(2 +[uf) -~ E). (32
Before proceeding further, we mention that b0 we

have from expressio(20) From the two last equation81) and(32) follows that when

the boundary conditions at the void surface are satisfied and
P=n-n, (28)  E=nuzy, we have automatically at the surfaBg=0 which

which is nothing else but the local quasi-neutrality condition.M€&ns that in this case the parameteis continuously in-

In the other limitT— 0 for finite d we obtain creasing from the surface. Due to the mentioned possibility
of numerical errors we exclud@ as a function to be deter-

2 +|ul mined from both the void region and the dust region, using
- zag(u))’ (29 there instead the functiorts and P, respectively.

. o Equations in the void region take the form
We use such relation®r similar to them below.

du 1 u ap
—= - —[E-u(2+[u)]+ —[E-u(2+|u])]?
™ 2aD+1{ T[E-u(2+[u)]+ —2(E-u(2+u)]
V. VOID STRUCTURE WITH THE ION PRESSURE AND Ne ap ]
DIFFUSION +—+—=(MN-ny |, 33
X dz( o) (33
Here, we take into account both the ion pressure effects
and the ion diffusion effects. By combining Ed8) and(9) dn n
we find ax = JAE-u@+uD], (34
X T
2 +|ul+ ! (1 qD)
~ 1= dn,
_ ap nu —=-nE (39
P=n- , (30 e
zagy(|u]) dx
which differs from Eq.(29) by an additional term describing dE 1
the difference between the total and the diffusion flux, i.e., i @(n— Ne). (36)

the term determined by the diffusion flux. Relati@B0)

(where the diffusion flux is taken into accoliig exact, con- The asymptotics of these equations in the center of the void
trary to relation(29) which is only an approximate one. whereu— 0 andE— 0 givesu=ugyx, E=Eyx which allows us
Equation(30) can be converted to to determine also the values of the second derivatives of the
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electron and ion densities in the center of the void. This idng the parameten, and find that the solution starts to ap-
used to start calculations using these asymptotic expressiopgar at ny<<1.1459 with x,=0.24999, z,=2.83909, u,

close to the center of the voithe initial point isx,=0.002),
namely

__ % [E_Faono(l—s)}
2ap+ 1| d? ’
_ X (no(l—s)_z_sﬂ
n_n{1+2ﬁam+1) d? %/ 37
NEX2 n
ne:nos{l—zo—gf(l—S)] E=3—)2(0(1—S), (38

wheren, is the value of the ion density in the center of the

void ands=n¢(0)/n, is the ratio of the electron to ion den-

sities in the center of the void. To be able to compare withb

the previous numerical resultahere the ion diffusion was
neglectegwe give an example fax,=2, but instead of using
the condition that the second derivative of the ion density i
zero(as it was used befoyand thuss=s,, where

1
2d?’

1+—
NoX;

So= (39)

=0.13876,n,=1.27132, andh,,=1.06564. We see that com-
paring to the case when the ion diffusion was ignored, the
ion density at the void's center decreases, the dust void size
increases and the ion drift velocity at the boundary of the
void substantially increaséalthough still being much lower
that the ion thermal velociyy With further decrease of the
ion density in the void’s center, solutions of the boundary
equations exist showing a decrease of the void size with a
decrease of the ion density in the center. This proceeds up to
n,=0.8 when the size of the void becomes small, about
0.064, and the ion drift velocity becomes very small such
that the ion drag cannot sustain the void. By changisgd
keepingny=2 we can find solutions for very small voids or
very small dust charges. Thus the condition that the diffusion
flux at the center is zero is the optimal fod#fusive voidto

e created.

With this possible range of parameters at the void’s sur-
face we investigate distribution of the densities, dust charges,
%tc., in the dust region. As a new function we chose the
parameterP excluding® using relation(30). In this case,
Eqgs.(22)—25) survive, withP not determined by expression
(20) but considered as an independent additional function of
the distancex and a new equation fd? is derived by differ-
entiating Eq(30) with respect tox and using basic equations

we here leave the parameteas another independent initial (7) and(12. We thus obtain the following system of equa-
parameter. It is easy to find that the total flux close to theions in the dust region:

center is a sum of the convective fld§°" and the diffusion
flux g™,

(I) —_ (I)conv+ (I)diff
0~ *o0 ’

q)gonvz no XO |:E + aDnO(g- _S):| '
. no(l-s) 2s

@ ~ — X0 {0 ——] 40
0 aDnOr(ZaD+1) & X (40)

and that the diffusion flux vanishes fers,, thus demon-
strating that the parametsrregulates the ratio of the diffu-

d_u _ R]_(uv n1 n91 Z! P)

dx R(u,2) ' (49
N U (uztn = P) - 2~ |u] (42
o Laluhzin ull,

& == unnezadr(|u|): (43)

%Z( = Ry(u,n,Ne,z,P), (44)

sion to the convection flux at the void’s center. We then try to

calculate further by solving the boundary conditigh8) and
(19) for the parameters in the center of the void used in th
previous section, namely,=2 ands=s,, and find that these

equations have no solution. Then we can investigate the ap-

pearance of a solution keeping the conditssrs, but chang-

ag(Ju)zni? i
1+z (1+2)

Ry(u,n,ne,z,P) =

z 1 dag|u]) Ry(u,

[ag(uDz(n-P) -2 - |u[]+

dP

M—%wnmzm=%wmﬁzm-m&mnzm,

e
(45)

where

n-n,—P

Pag(|u)zn’ 46

n,n.,zP) u

Rz(uyny nevza P) ==

z+1| aglu)) du

R(u,2)

+ ;adr(luDz(n - P) + ag(|u))znu|, (47
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1 1
aDnU—Zadr(u){n = Pnacy(u) + Gapn(n - ne- P)+Pa__:_3[adr(u)nuz]z
Ldru)zp—l*a.aadr(u)z(n P) = [1 +ap(2 +[u])] —radr(u)z(n P) =2 ~|ul]
1 da d Ry(UN.Ne 2P
+[1“—fzpadr(u)nuz—6h(u) “d*lf”)—aDnzpaJradr(u)u]—nr1+zaD<1+|u|)]]x%}, (48)
and
_ _t,eon 1
R4(U,n,Z,P)—aDnuz{ Xi+ o2 +d2adr(U)ZnRU,Z)
1 dag d
X [%fzpadr(umuz—ach m ”;—Z(“) - apnzP- g (W] = n[1 + 2ap(1 + |u|>]] } : (49

For the diffusion coeffrcren«sz, as mentioned before, we use tion (52) is satisfied if the density in the center of the void is
the expression 12 (for processes other than isothermal less than that taken before, namelynif=1.07136 them,,
this expression is somewhat different but for simplicity we= ndS—O 9987,%,=0.24045,n,=1.14861,z,=2.856552, and
restrict our consideration by this simplest expresgiand uU:O.12796,P:0 anddP/dx:O. The latter value should be
expression(21) remains forR(u,z). The only difference be- used to find the structure of the dust region by solving the
tween expressioné46) and (47) and expression§26) and  system of equationg41)—(45). There is no free parameter
(27) is thatP is an independent function &fin Eqgs.(46) and  left. But one should have in mind that the parameteis
(47), is not determined by Eq20) and should be found by depending on the velocity distribution of plasma electrons in
solving the given system of equatiot&l)—«(45). The possi- the dust region, which is changed by the dust in the charging
bility to write the second equality in Eq45) is a simple process. Thus the parameteris the dust region can be
consequence of the fact that the expressiorRipis a linear  somewhat different and can be adjusted in numerical calcu-
function of n,. lations. Figure 4 shows the result obtained for the case of
For the functionP, we have to define the boundary con- equalx; in the dust and void regions, while Fig. 5 shows the
ditions. As mentioned before, the value obtained by solutiorresult obtained for the case when the ionization rate is twice
of the boundary problem in the void region automaticallysmaller in the dust region as compared to the void region
gives P=0 at the boundary. However the value Pfat the this case n.= nds—O 9863, x,=0.23824, n,=1.12724, z,

boundary should also have no jump for its derivatiwhen =2.87). Furthermore Fig. 6 shows the result for the case
the ion diffusion is neglected such a jump an be clearly seewhere the ionization rate in the dust regron is twice larger
in Fig. 3), i.e. we assume that at the boundary than in the void region(in this casen,= n °=1.023, X,
dP =0.24451n,=1.10412,7,=2.8585.
=0. (50)
dX T T T T T T T - f
Note that this condition is also a consequence of the basic .’
equation(6). From Eq.(45) we then find i I-' T
. [}
os _ Re(Uy,1,,0,2,0) (52 o Vi Dust i
* 7 R, 2,0) " R
where the superscripds stands for thedust side But the 2r n pl-' I
value of the electron density at the void side is already found | [ .- h
and denoted as, . Therefore it is required that L b & T -t 3
Ne,y = Ny (52 0 :
. . ! ! ! ! ! il !
For the numerical values of the parameters at the void 0.05 010 015 020 Xy 030 035 X
boundary(the example given in this section fop=1.1459
and z,=2.83909, u,=0.3876, n,=1.27133 we find ”g,su FIG. 4. Distribution of the main dimensionless parameters in the

=1.291 whileng,=1.06564. Therefore we should adjust the void and the dust regions in the case when the ion diffusion is taken
initial parameters in the void region and particularly theinto account. Here, the normalized ionization length is the same
value of ion density in the center of the vaig to obtain the  x;=2 in the void as well as in the dust regions. Note the nonphysical
coincidence of these two values. Indeed, we find that condidomain of the negative values Bf
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T T T T T T -J I' T T T T T T T
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Void Dust [ x;= xi= X
x=2 x;=4 Il 3r P=0 P>0 p JI
- ] i
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n & P3 2r M
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FIG. 5. The same as in Fig. 2 but for the normalized ionization
lengthx;=2 in the void region and;=4 in the dust region. Note the FIG. 7. Distributions of the dimensionless parameters in the
nonphysical domain of the negative valueskof void and dust regions for th@ormalized critical ion density in the
centerny=1.065.

These figures demonstrate that in the cases when the ion-
ization rate in then dust region is equal or less that the iontive. Only by further decrease of the ion density in the center
ization rate in the void region there exist nonphysical domairn(to the value 5<10°%) we can reach the condition wheRe
of negative values d?, and the sharp increase Bfis related  becomes positive in the dust region. At this point the deriva-
with convectionR— 0 while for the case when the ionization tive of P at the boundary is equal to 1.15.
rate in the dust region is larger than that in the void region This numerical experiment conclusively shows that the
the parameteP is everywhere positive, but the singularity ion diffusion can eliminate the discontinuity of P at the
appears ati— 0O (the latter we discuss in more detail below boundary but not the discontinuity of its derivati@gure 7
The parameters at=0 can be properly adjusted but then the shows distributions of the parameters in the void and dust
void is not a symmetric voidwith its center in the center of regions for the critical ion density in the centes=1.065
the computation regionand should satisfy different bound- when the parametd? starts to be positive in the whole dust
ary condition(for example the wall boundary conditionsn region. Note that the singularity still appears in the region
the case shown in Fig. 6, the size of the dust region is of thee— 0 (similar to the results shown in Fig.).6Since we
order or less tham which means that it is of the order of the clearly demonstrated that the ion diffusion does not smooth
ion-neutral mean free path. We return to discussion of thishe derivatives o at the boundary, we should allow such
point later. The results shown in Figs. 4 and 5 with the negaédiscontinuities of the derivatives and return to the result
tive values of P suggest that althougllP/dx=0 at the shown in Fig. 4 to establish this jump imposed by the bound-
boundary, the second derivative Bfis negative there. The ary conditions at the void surface. We found then that at the
only way to avoid this effect is to decrease the ion density ilboundarydP/dx=-0.27861, i.e., the solution is absent. The
the center of the void, which in turn increases the derivativevalue of the derivative oP at the void boundary appears to
of P at the boundary. Note that a decrease of the ion densitpe very sensitive on the value of the ion density in the center
in the center in just a small value of order-#0makes al- of the void. For example, by decreasingfrom the critical
ready the derivative oP at the boundary to appreciate in valueny=1.065 up tony=1, we increase the discontinuity of
about 0.2 but nevertheless soon in the dust re§iagsnega- the mentioned derivative from 1.15 up to 20.1 with a similar
singularity appearing at significantly shorter distance 0.015
whenu— 0.

We also obtain that a— 0 such parameters in the dust
cloud as the ion density and the ratio of the ion to the elec-
tron densities should satisfy certain relation for the singular-
ity to be absent. We can start the calculations using these
relations from the point=0 and then reach the boundary
P=0 and find the actual value of tltH°/dx at the boundary,
from which we can calculate the ion density in the center of
the void. Such solutions have no singularityuat0O, as was
demonstrated in Fig. 3 in the absence of the ion diffusion.

u . Thus although the diffusion relates the parameters of the sys-
505 010 045 0.90 X;’ % tem stronger, it cannot eliminate all discontinuities of the
parameters at the dust boundary. Also we checked all pos-

FIG. 6. The same as in Fig. 2 but for the normalized ionizationSible values of the ion and electron densities in the center of
length x;=2 in the void region anc;=1 in the dust region. The the void and found that the appearance of a singularity at
parameteP is everywhere positive. The size of the dust region is of=0 is a quite general phenomenon.
the order or less than i.e., it is of the order of the ion-neutral mean The main conclusion that can be made from this study is
(1) the ion diffusion can indeed remove the dust density dis-
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continuity at the dust boundary but cannot remove the dis- Nog

continuities of the dust density derivativg8) The values of P>Pe2= T+ xa(One’ (57)
these derivatives at the boundary in most cases are rather 1Tent T od

large (leading to very large but finite values and thus imitat-or

i th i I tai j ithout taki int -

ing the previously obtained jumps without taking into ac P<Py, P<Py, (58)

count the ion diffusioly (3) the calculation indicates the ex-

istence of regions with large values afP/dx or even The difference in physics between these two cases can be
singular points withdP/dx— o where the dust pressure be- found from relation(31), from which follows thatP=P, ,
comes Iimportant. corresponds to the zero total fluxw@t 0. Thus the casgs6)

Note that only the dust pressure effect without effects asand (57) corresponds to the positive total flux a£0, and
sociated with the ion diffusion cannot determine itself thethe casg58) corresponds to the negative flux. We consider
thickness of the dust boundary since K6) is decoupled numerically both these cases.
with other equations of the system. Slmllarly, the ion diffu- The derivative ofP atu=0 Critica"y depends on the pres-
sion only, without the dust pressure taken into account, carence of the nonlinear terrlu| in the ion-neutral friction
not determine the dust boundary thickness as we demonorce written asu(2+|u|). Note that if the nonlinearity is

strated in the previous section. Only the simultaneous effeGieglected we obtaify,=0. For the nonlinearity taken into
of the dust pressure and the ion diffusion has to be taken intQecount we find

account to describe these effects.
1 0 P-P
Pho= il 2+ )| 0 P Pas
ap

VI. DUST STRUCTURES WITH THE CONTINUOUS ap r‘Oddz
CHANGE OF THE DIRECTION OF THE ION FLOW

-1
X
+ 2a4,(0) ZoqU; —. 59
The dust regions where the ion flow velocity changes its ar(0)200 Od] I| (59

sign should satisfy certain relation. Particularly, from Eqgs.
(41)—(45) we find that ifu— 0 then the first derivatives of
andn, equal zerabut the first derivatives ofi andP are not
zerg and the electron density at=0 should be related to
other parameters. Denoting the parameters=i (i.e., at the 1

We start numerical calculations with these conditions. The
value of the dust charge at=0 is obtained using E¢55) in
the charging equation

n
point where the ion drift is zejdby the subscript @ (not to exp(= Zog) = e 0:,  Zoa: (60)
be mixed with the subscript 0 used before for the parameters V7MY Me NeodNod: Fod: Zod

at the center of the vojdve have We have two free parameters to begin withy and Pyg.

, , Starting from some of them we need to satisfy either Egs.
Uog = Ugg(X = Xog), P =Pog+ Pog(X—Xod),  (53)  (56) and(57) or (58). If we chosePyy=0.5 we find that Eq.
(59) is satisfied fongy of order or larger than 4 and Eq%6)

where and(57) for ngq about 0.6. Between these valuesgheither
Nog = Ne.od = Pog Eqg. (58) nor Egs.(56) and (57) are satisfiedthe parameter
U= o s (54) Poq in this case appears to be larger than one of the critical
d*ZogNogaar(0) values and lower than the other critical valughus there are
and two possible branches. Faopy=4 we find from the above

expressions thaheyy=3.714 andug,=-0.5317,z4,=2.91,
Nog = Pog + PodNog@en(0)d2/Fog Péd;—0.224, i.e., we obtain a sufficiently large derivative of
1+ dUxF ) the ion flow velocity and a Iarg_e dust chargg. O_n the other
i"0d hand, the absolute value of the ion flow velocity is not large,
and the velocity changes its signwat0. With these values,
1+ 2ap we solve equations in the dust region in both directions until
ag(0)Zog (55 we reach the point wherB=0 and then integrate equations
in the void region until we reactfrom the void boundary at
According to the previous consideration, the derivative ofp=( tg the left with respect to the point where we have
uis negative ati=0 (see Fig. 3 especially, but also all other started the calculatiopghe point whereu=0. This corre-
figures also demonstrate that this derivative is negative at thgnonds to the center of the void and gives its size. The same
singular point. It is also natural from the physical point of procedure can be performed at the right point where0
view to consider this particular case. Equat{®d) says that \yhen we reach the center of the void to the right with respect
for upy <O we have two possibilities, namely, either to the point we have started the calculations. Although we
did not perform the latter calculatidito the right of the right
2+i point whereP=0 having in mind that different boundary
ap (56) conditions can be used at the right boundary of the
ag(0)Zog” void)—we can still expect there the wall boundary condition
or a next void and the next dust region. Everything depends
requiring on the relation of the size of the structyseze of the central

Ne,0d(Nods Pods Zoa) =

Foa = ap(Pog — Nog) +

P> Pcr’l:n_
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void plus the size of the dust structyiend the size between the ionization rate in the dust region is a natural effect since
the electrodes. If the size between the electrodes is mudast plasma electrongnainly producing the gas ionizatipn
larger than the combined size of the central void and the dustre effectively absorbed by the dust grains and the ionization
layer, we in principle can obtain a number of dust sheathgate 1k; is determined by the integral of the ionization cross
separated with dust voids. This is exactly the case of th&ection and the el_ectron distribution function. Other param-
complex structure found when solving the numerical prob-eters taken for this example argg=3 and Pp3=0.3. The
lem for the parameters we obtain@tie branch correspond- calculations on the basis of expressions given in this section
ing to ngg>4) shown on Fig. 8 for the ionization rate=2  esult inz,g=2.9, P, =0.525, andP,,=0.385; thusPyq is
equal in the dust and in the void regions and0.05. It is  larger than botiP,, ; andPy, ; satisfying one of the possible
remarkable that the whole structure is of the order of or les§€C€SSary conditions. The calculations of the dust structure
than the ion-neutral mean free patbhich in our dimension- give (see Fig. 9”‘?‘ size of the dust re_g|on 0.26 and the void
less units is about 0.05The dust layer appears to be not region in front of it at the boundary, =0.091.
symmetric relative to the point where we start the calcula- v||. SHOCKLIKE DISSIPATIVE DUST STRUCTURES IN
tions atu=0. This effect is related to the nonlinearity in the THE DUST REGION
ion-neutral friction force(being in our dimensionless units
equal tou(2+a,|ul) when the second nonlinear term|ul
determines the derivative;,. Also we can notice disconti-
nuities of derivatives oP, n,, andE at the void boundary P ' '
supporting the previous statement that the ion diffusion is not I
removing them although discontinuity of the dust density is
disappearing because of the ion diffusion. The discontinuity
of the electric field does not mean that a surface charge is
located at the void boundary since the electric field is con-
tinuous, but it rather means the presence of surface dipole 0.2k
moments at the void boundary. Also, the void size for the
parameters we use here is smaller than the size of the dust
region.

The calculations were also performed with another set of 00 ' 01 02 ‘x
the initial parameters at the point0. Large size dust struc- '
tures with a thin void as well as a thin dust structure with a F|G. 9. ParameteP in the dust region fox=2 in the void
large void (and intermediate casesvere observed. As an region and=8 in the dust region. The dust voigizex,=0.09)) is
example, we present in Fig. 9 the dust structurexfer8 in  to the left (not shown. Other parameters argy=2.9, P,d=0.3
the dust region ang =2 in the void region. The decrease of <P 1=0.525,P ,=0.386,ngq=2.77, andngg=3.

We already mentioned above that the singularity in the
dust region is related to steepening of the ion density and the

04r
Dust region

066408-12



THEORY OF DUST AND DUST-VOID STRUCTURES IN.. PHYSICAL REVIEW E 70, 066408(2004)

parameterP. These new singularities introduced by the ion 04 '
diffusion can in principle create a new type of “standing L
shocklike” discontinuities where the ion flow velocity
abruptly changes. Contrary to the usual well-known shocks 0-2
where parameters on both sides of the shock are typically | ”_'_nQ_--- .
constant, the discontinuities in a dusty plasma cannot be o

that kind due to numerous dissipative processes involved [~ oo mmmm—aa
Therefore one can only consider a local discontinuities
where the parameters change in a complicated magaer

PLTTE,

jump

-

[ ST T

cording to the balance equationsn both sides of the dis- -2[ 1

continuity. Among these discontinuities can be the jumps | the dust void boundary 4

with the change of the direction of the ion flow velocity. We fu

now demonstrate that the number of equations for these [ (\L_
. : C - ,q boundary of the shock-like strugture 21

“shock-like” jumps is in fact sufficient to find all the param- ! ! . L el

eters (u,,n,,z,,P,) at one side of the discontinuity if the 0 0.1 0.2 v 0.3 x

reIevant set of parametel(a;ll,nl,zl,Pl) IS knqwn at the FIG. 10. Shocklike structure in the dust region with the change
other side of the jump. Note that the electric fi#ldand the  of the direction of the ion flow velocity. The normalized ionization
electron densityn, according to the basic equations written rate x.=2 in the void and in the dust regions:0.05. The unper-
above, cannot have such discontinuities. Below, we also inturbed normalized density,=1 shown in the figure ara—n, and
clude in the basic equations the ion ram pressure effects-z, The normalized ion flow velocity jumps from 0.2 to 0.44,
which correspond to the substitution the normalized ion density—ng jumps from 1.38 to 0.97, the nor-
malized dust charge-z, jumps from 2.8 to 2.9, the parameter
}d_n }d_n + d_uz (61) jumps from 0.34 to 0.36, and the electron density and the electric

ndx - ndx dx’ field have only jump of derivatives.
The “Hugoniot-type” equations are related to conservation of .
the ram pressure and the ion pressure nuity. We can call that “the dust charge jump.” Note that for
the dust charge discontinuity, the dust density is continuous
uZ+1In(ny) = u3 + In(ny), (62)  and only its derivative can have jumps. With no change of

the direction of the ion drift velocity, the set of equations

conservation of the total flux (62—(65) can have other nontrivial solutions and this should

O, =Dy, (63) be investigated in detail separately. Here we pay attention
only to such discontinuities where the direction of the ion
@y = Uyl + ap[2 +|uy| + ag|us)za(Py = N1}, flow velocity changes. The presence of the ion diffusion is

crucial for these jumps since the change in the direction of
the flow velocity means the change in the direction of the

D = natip{1 +ap[2 +[ugl + agrl|uz) 2(P2 ~ )}, convection flux and the flux conservation requires that the

continuity of the dust densitjsee Eq(6)] diffusion flux should change in the opposite way at the
boundary (the latter is quite probable Thus these jumps

Pi_P; (64  have two important properties1) the necessary change of

27 2 the dust chargeand(2) the necessary change of the direc-

tion of the ion diffusion flux\We can therefore call them the
dust-charge diffusive shocks
We give here the result of numerical investigation show-
exp(-z;) exp-12) ing that such dust-charge diffusive shocks can indeed be cre-
= . (65) ated in the void-dust structures in the presence of the ion
diffusion on neutral atoms, Fig. 10. We see that the jumps of
The set of four equation62)—65) is sufficient to find  the dust and plasma parameters satisfying relati6Bs(65)
four values of the system variables at the shock boundary iwith u;>0 andu,<0 exist in the dust region around the
the case when the corresponding solutions exist. This set gfoint whereu=0. In this example, we start the calculation
equations is merely a trivial consequence of the basic equavith ny=1 in the void region, find the void size and distri-
tions. These equations have obviously a trivial solution with-butions of plasma parameters in the void region, and con-
out any discontinuity, and it can be clearly seen that if thetinue the calculations in the dust region until we reach the
dust charges are not changing at the jugpz, then accord-  point where large gradients appear. Then we have to satisfy
ing to Eqgs.(64) and(65) the ion densityn and the parameter the above relations for the shocklike structure by putting
P are also continuous, which from E¢62) means that the =-|u,|, i.e., assuming the change in the ion drift direction at
ion velocity u does not change its value, and then from Eq.the dust-charge diffusive shock boundary. By using Egs.
(63) we obtain that the direction of the ion velocityis also  (62), (64), and(65), in Eq. (63), we obtain one equation to
not changing. This is a trivial solution. Thus the change indetermine the dust charge behind the boundanpll values
the dust charge is a necessary condition for such a discontilenoted by the subscript 1 are given alongsthdirection as

and continuity of the electron density together with the
charging equation

Z1Ny 2Ny
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the dust-charge diffusive shock front.
FIG. 11. Behavior of the main dimensionless parameters behind

the dust-charge diffusive shock. derivatives of other parameters at the void boundary, such as,
e.g.,dP/dx, are shown to survive if we assumg=0.

solutions of the equations in the dust region. The next ques- We demonstrated that the ion diffusion can cause new
tion is whether along this solution one can find a point wherediscontinuities such agE/dx and dne/dx for the structures

Eq. (63) is satisfied. We have found that such solutions in-Which are self-adjusting their parameters preventing the
deed exist for our numerical example and that these pointgt€epening oP andn inside the dust region. These new type
are in a narrow area aroung,=0.315. We present numerical of discontinuities |q|t|ated by the ion (_jlffu5|on appear only
results for dust-charge diffusive shock for the valuexgf inside the dust region. They require finite vglues of the pa-
After that the jump of the dust chargeat the shock frontis  fameterP from both sides of the boundary, jumps f n,
found; then we use Eqg62), (64), and(65) to find all other a'ndulas well as'of theT dust chargewlth the change of the'
parameters after and before the discontinuity. The results aféirection of the ion drift velocity and the change of the di-
(1) the jump of the ion flow velocity is from 0.2 to —0.4¢) rection of the diffusion flux. S_uch dust-charge dn‘f_uswe
the jump of the ion density is from 1.384 to 0.97583) the shocks cannot appear at the void boundary; Fhey exist only
jump of the dust charge is from 2.91 to 2.84) the jump of inside the dust region. Note that the dust density, the electron
the parameteP is from 0.3595 to 0.3449, an®) the elec- density, and the electric field are continuous at these shocks.
tron density is continuou&s it should bgbut the derivative The thickness of 'gh_e discontinuity is determined by thezdust
of the electron density also has a discontinuity. Together wittPressure or the finite value of the parametgrTqe?/aT,

the jumps of the values at the dust-charge diffusive shockvhich for typical experiment data of the dust size of order
front, the derivatives of the corresponding parameters alsd0 #M size grains, the electron temperature of the order of a
change. After we obtain all the parameters on the other sidiW eV, andr=0.05,Ty~T;, gives7y~3x10". One might
of the shock, we further integrate the balance equation in th6XPect that the sharpness of the singularities measured in
dust region until we reach the point wheRe=0. Thus the dlstan_ces)\in/j will be of the order ofry which for a typical
result of the whole dust-void structure including the dust-€xPperiment is much less than the interdust distance. If the
charge diffusive shock is shown in Fig. 10, and the depenlatter is the case, the boundary singularities have a size of the
dencies of the parameters behind the shock are shown prder of the distance between dust particles. During the dust-

larger scales in Fig. 11, and the enlarged region of the shock’ystal melting the temperatuflg can rise by three orders of
front is shown in Fig. 12. magnitude but stilly is estimated to be rather small even in

these conditions. We conclude that the presence in a dusty
plasma of the sharp boundaries of the dust-charge diffusive
VIIl. DISCUSSION shock type and of the type of the v_oid b_oun(_daries gea-
eral property of a dusty plasm&he ion diffusion does not
In the absence of the ion diffusion on neutral gas atomssmooth the singularities of the derivatives of the parameters

derivatives of the ion pressure are discontinuous at the voidt the void boundaries and even createw diffusive shock-
boundary which is expected since in these conditions théike discontinuitiesnside the dust region.
parametefP is discontinuous at the boundary and according Note that finite dust pressure effect should be a subject of
to the ion balance relation the paramegeis directly related  further investigation of the boundaries in dusty plasmas. Fur-
to the derivatives of the ion density describing the ion presthermore, investigations of sharp boundaries without change
sure effects. In the presence of the ion diffusion no jump ofof the direction of the ion flow as well as more detailed
the ion density derivatives at the void boundary is observednvestigation of the new Hugoniot equations for the dust-
Simultaneously and naturally, there is no jump of the parameharge diffusive shocks could be the next step of research.
eterP at the void boundaries. However, the discontinuity of We also note that the diffusion approximation can be ques-
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tionable for the case where large gradients egastit is in The effect of the presence of a set of thin dust layers
the vicinity of the shocksince the characteristic scale of the separated by the dust void is the one that can be used for
gradients can become shorter than the mean free path for thplanations of the observed stratification of the dusty
ion-neutral collisions. plasma system observed|iti. Also one can apply the effect
The structures investigated so far are self-organized dissfound here for observations of the multiple thin dust layers in
pative structures. We found two types of them in the dusthe upper atmosphexgower ionospherg[9]. Another point
region. The first one is the structure which self-consistentlys that one cannot use the continuous description of thin dust
adjusts its parameter in order to exclude the singularity; th‘Fayers when there is less than one dust grain on the unit
second one is the dust-charge diffusive shock structure. Bo%ngth, and the set of thin layer divided by thin voids can be

of them can be proba_bly fea"z‘?d expenmen;ally, and Fheconsidered as a model for a one-dimensional dust crystal. If
choice between them is determined by the time evolutloqhe calculations will be performed in three dimensions, one
process which we exclude from our present treatment. Tth principle should get a model of something similar to a
latter can also be used to investigate the stability of the strucg - i+ chsional dust-plasma crystal
tures found so far. i

The found qualitative effect of the presence of two type of Finally, the ion diffusion does not prevent the void forma-
solutions whenP=> Py, ;,Py, » and whenP<Pq, 1, Py in tion. It is shown that the latter with the absence of any dust

N . f : rain in the void region exists, and can create a new type of
the dust region rise the problem that in the void region ther.%oid boundaries and new type of diffusive dissipative struc-

can exist also two virtual void boundaries. In the case this i .

indeed true and in the case both of them are unstable, the re%a fes in dusty plasmas.
solution can be an oscillatory one bouncing between the two

virtual void surfaces. Then can he_Ip to explain the ob_served ACKNOWLEDGMENTS

“heart-beat” mode of the void oscillations. The future inves-
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