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Theory of dust voids in plasmas
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Dusty plasmas in a gas discharge often feature a stable void, i.e., a dust-free region inside the dust cloud.
This occurs under conditions relevant to both plasma processing discharges and plasma crystal experiments.
The void results from a balance of the electrostatic and ion drag forces on a dust particle. The ion drag force
is driven by a flow of ions outward from an ionization source and toward the surrounding dust cloud, which has
a negative space charge. In equilibrium the force balance for dust particles requires that the boundary with the
dust cloud be sharp, provided that the particles are cold and monodispersive. Numerical solutions of the
one-dimensional nonlinear fluid equations are carried out including dust charging and dust-neutral collisions,
but not ion-neutral collisions. The regions of parameter space that allow stable void equilibria are identified.
There is a minimum ionization rate that can sustain a void. Spatial profiles of plasma parameters in the void are
reported. In the absence of ion-neutral collisions, the ion flow enters the dust cloud’s edge at Mach number
M=1. Phase diagrams for expanding or contracting voids reveal a stationary point corresponding to a single
stable equilibrium void size, provided the ionization rate is constant. Large voids contract and small voids
expand until they attain this stationary void size. On the other hand, if the ionization rate is not constant, the
void size can oscillate. Results are compared to recent laboratory and microgravity experiments.
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[. INTRODUCTION “heartbeat,” in which the void shrank drastically and then
expanded to its original size. All the experiments described
A dusty plasma is an ionized gas containing small par-above were carried out in a gas discharge that was sustained
ticles of solid matter, which acquire a large electric chargedy €lectron-impact ionization, and all featured a void with a
by collecting electrons and ions from the plasfia2]. A sharp boundary.
“void,” or dust-free region in a dusty plasma, was discov- Two mechanisms are required to explain voids: a force
ered in several experiment8—8]. Praburam and Gord@] balance on a dust particle, and maintenance of a sharp
found that as particles in a sputtering plasma grew in diamboundary. The balance of the electrostatic and ion drag
eter, an instability developed in two stages. First was thdorces, as explained by Samonov and Gofék involves
sudden onset of a “flamentary mode” of100 Hz in  electron depletion and electron-impact ionization. The term
which the ionization rate and dust number density were botfelectron depletion” refers to the reduction of electron num-
modulated, and this developed into the second stage, a voiBier density in a dust cloud due to absorption on the particles
The void was a stable centimeter-size region completely freE9]. This reduces the electron-impact ionization rate in a dust
of dust. Samsonov and Gorp#5] found that the void has a cloud. In a void, the comparatively higher ionization rate
sharp boundary with the surrounding dusty plasma, as showigads to an electric field that is directed outward from the
in Fig. 1. The electron density and ionization rate were envoid’s center. This yields an outward ion flow, which exerts
hanced in the void, compared to the surrounding dust cloud@n outward ion drag force on the dust particles, as sketched
Melzer, Piel, and Schweige[¥] found a similar void in a
silane deposition plasma. Using much larger particles to} o —— ]
form a “strongly coupled” dusty plasma inside a sounding | e
rocket, Morfill et al.[8] observed a centimeter-size void that |
was usually stable. However, for some operating condition
it exhibited a 1.5-Hz relaxation oscillation, termed the
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FIG. 2. Sketch of a voidleft) and its converséright). In the presence of electron-impact 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 electron-impact 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.

in Fig. 2. In equilibrium, there is a balance of forces on abut many others as well. In the laboratory, dome- and ring-
dust particle: an inward electrostatic force and an outwardhaped dust clouds form above electrodes in etching plas-
ion drag forcg. ~mas, and these clouds have a sharp ¢dige Planetary rings
“lon drag” is the force exerted on a charged dust particle[2,13] and the noctilucent clouds in the lower ionosphere
by flowing ions. It arises from two mechanisms: some ion[12] also have sharp boundaries. In a theoretical model of a
orbits are deflected by the Coulomb attraction of a negativelyyst cloud surrounded by a clean plasma, Tsytoyith|
charged dust particle, exerting the “orbit force,” while oth- foynd that the existence of a numerical solution of the hy-
ers strike the particle surface, exerting the “collection force”drodynamic equations required a sharp boundary. This re-
[10]. (These forces were called the “Coulomb collision” and gqyeqd 5 problem that had arisen in a previous attdfitto
charging collision” forces, respectively, in the review by e 5 stationary interface between a dust cloud and a clean
Tsyto_wch [2].) The coIIe<_:t|0n force increases W'th the ion lasma[16]. In the present paper we will extend the method
velocity, whereas the orbit force has a peak at the ion therm f Ref.[15] by including ionization and superthermal plasma

velocity, as shown in Fig. 3. WheR /T,<1, there are three . X ) .
: . i . . fluxes, which are required to explain the voids. We develop
regimes for the ion drag force: subthermal, intermediate, an - ) .
e boundary conditions required to solve the void problem

supersonic. The latter is due solely to the collection force. In ith a sharp bound

this paper we will use approximations for the ion drag force™W!th @ Sharp boun ary.h : : f it

that are valid in the intermediate and supersonic regimes. " experimentg4,5], the void arises from a uniform dust
The second mechanism required to explain the voids igloud as a result of an instability. This instability develops as

the maintenance of a sharp boundary. Sharp boundaries ard®lows. Suppose that in a uniform dust cloud in a gas dis-

common feature of dusty plasmas, not only those with voidscharge, there is a spontaneous fluctuation in the dust number
density. In the region of reduced dust density, there is less

T S e — electron depletion by the dust. This leads to a higher electron
b : density there, and a correspondingly higher ionization rate.
This ionization hot spot will develop a positive space charge
with respect to the surrounding medium. The resulting out-
ward electric field applies two forces to the negatively
charged dust particles: an inward electrostatic force and an
outward ion drag force Fig2). For a small particle size, the
inward force will dominate and fill the hot spot again with
dust, and the fluctuation will disappear. This is the initial
stable situation. However, if the particle exceeds a critical
subthomal intermediats size, the outward ion drag force exceeds the electrostatic
regime . regime . force. The region of reduced dust density will then expel
" — — more dust particles, and the fluctuation will grow. This is an
instability that yields the “filamentary mode.” The threshold
for the instability is determined by particle size and electric
FIG. 3. lon drag force dependence on ion drift velocity. Therefield strength. The parFicIe_size is an independent _parameter,
are three regimes, corresponding roughly to subthermal and supeWhereas the electrlc field is determined .self-conS|sten.tIy by
sonic ion velocities, with an intermediate regime between. Théh€ €lectron and ion transport mechanisms and Poisson’s
power-law scaling with ion velocity;, is indicated for these three €quation. This initial stage of linear growth was modeled by
regimes. The ion velocity is normalized b2T, /m;, and the ion  D'Angelo [17].
drag is normalized by the forcemh,a?To/\T,/T.. The plasma After sufficient growth, the mode becomes nonlinear, and
parameters assumed a,=3 eV, T;=0.05 eV, andn,=n; the growth saturates. This final nonlinear state cannot of
=10 cm3; the particle radiug=0.1 um; and the floating po- course be predicted by a linear model of the instability. One
tential isz=2.7 in units of T, corresponding approximately to the possible final state, as seen in some experim@its§], is a
experiments of Ref{4-6]. stable void.

ion drag force (nomalized)
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In this paper we model stable equilibrium voids. The his- dust void dust
tory that led to the formation of the void, whether by an | |
instability as described above or by some other mechanism i — ion flow —p- i

is not modeled here. Because the equilibrium develops

through nonlinear effects, we use a nonlinear treatment of the | 0 Xy x
relevant fluid equations. The only collisions taken into ac- < L } \} >
count are dust-electron and dust-ion collisions inside the dus! | I

region. We use this model to predict the conditions fora  ~~~~-°~ | | - lectric
void’s existence, its size, and its sharp boundary with the void potential ¢
surrounding plasma. edge

We scanned a broad range of plasma and dust parameters _ : : . i .
. . . . FIG. 4. Sketch of the one-dimensional simulation configuration.
to map out the phase dlagr.am for void size. T.hls. diagram I%\ dust cloud fills all space except for a void region of full width
useful to show that the void is a stable equilibrium and t\j\)fx centered ak=0. The boundary conditions asecx? near the
determine t_he range of parameters Where voids can exist. o?igin andd ¢/ dx continuous ak=x, . The numerical solutions we
show that if a void can appear, there is usually one stablg, present are valid for the void regio<x, .

void size, and we find the characteristic time of the evolution

to that size. We will develop equations that are valid in both the void and

The void's existence requires a local source of lonizationy o s regions. We will solve the equations numerically in
qf a backgrpund gas. Th'§ means that the problem we 'NV€She void region, using the equations in the dust region to
tigate here is mainly applicable to gas discharges, where thgpecify the boundary conditions at the void's edge. Our nu-
ionization is due to electron impact, although phOtOioniza'merical results will therefore be valid fdx|<x '
tion and other sources of ionization could have a similar Dust grains are charged negatively due té)) .the large ratio
eﬁgct. In the ahsence of qual lonization, the converse of 2 the electron and ion thermal velocities. Three forces act on
void appears, as sketched in Fig. 2. This latter problem IThe dust: electrostatic, ion drag, and neutral gas drag. The

applicable for example to astrophysical dust clouds, and Tatter force is proportional to the dust particle velocity, which

is an inward ion flow that creates an inward ion drag force fiibuted. we neglect ion-neutral collisions.
Thi I the dust cloud int t sh 9 h " In many ways, the problem we solve resembles a sheath
IS collapses the dust cloud nto a compact shape, w 01;18,19]. The void region bounded by a dust cloud is analo-

fs(';ge'znrgﬂﬂft.id :ﬁ{j ‘?‘OEﬂfgcefoféeth_?hqsuw:gﬁeﬁ:?gtfns;?;'_ ous to a plasma bounded by an electrode sheath. The dif-
inward | 9 NS P ' .~ ference is the boundary condition for a void is different and
gous to the void problem we treat here, except that by in

cluding a local ionization source, the ion flow causes a voi
to develop.

more complicated. An electrode sheath develops in front of
n electrode, which is at a fixed position and absorbs elec-
trons and ions at its surface. In contrast, the boundary of a
dust cloud can move freely in response to forces on the dust,
Il. MODEL and it is a diffuse body penetrated by electrons and ions. We
must model the interior of the dust cloud in order to predict

where its boundary will be, and at what potential.
We develop a one-dimensional model based on a set of

A. Overview

fluid equations, Poisson’s equation, and a charging equation B. Dimensionless variables
for dust. These equations are nonlinear, and we solve them , , ) . i
numerically The dimensionless variables that we will use are defined

We assume equilibrium conditions where all time deriva-here. Dimeqsionless guantities appear on the left-hand-side
tives are zero. This equilibrium assumption is appropriate®! the equations below. » _ _
both for steady-state conditions and for a void that develops 1he ion and electron densities are normalized by the ion
so slowly that an electrostatic equilibrium is always main-d€nsityno; at the centex=0,
tained. This assumption also implies that electron-ion pairs

are ultimately absorbed by dust or a wall located beyond the n=ni/no,
dust region. We do not need to extend our simulation volume
that far, however, since solving the void problem requires Ne=Ne/No; -
only that we find the dust cloud parameters at the void’'s o
boundary. The temperature ratio is

In the model, all variables depend only on the distaxice
as sketched in Fig. 4. We suppose that the problem is sym- T=T;/Te.

metric aroundk=0, which is the system’s center. The elec-

tric potential and ion drift velocity are zero at the center. If The electric potential is normalized by the electron tempera-
the void appears, its center isxt0. Thus we model two ture,

regions: the void withjx|<x,, and the surrounding dusty

plasma with|x| >x, , wherex, indicates the void boundary. y=ed/T,.
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The most convenient normalizations for the electric field and A few more dimensionless parameters will be defined

position will be later. These include the ionization rate and, in the dust re-
gion, the ion drag force and the dust charging rate. For the

Eo edi2 £ @ problem of expanding and contracting voids, we will also

= aTe\/TiTTe ' require a normalization for time.
C. Simplifying approximations
VT T, ~ C-Simpliing approsimaton: |
X= 7 X, 2 In this section we list the approximations. Our model is
i

one dimensional. This is adequate for predicting the exis-
tence of a stable void equilibrium and the size of a void, but
we cannot predict the three-dimensional shape of a void, as
shown in Fig. 1.

The dust particles are assumed to be spherical and mono-
dispersive, and they emit no electrons. The latter assumption

wherea is the dust particle radius. The ion Debye lendth
is approximated ad,=(T;/4mnye?)Y2 If the effect of

streaming ions were taken into accoudt,would be larger
[20]. The dimensionless potentigd and the electric field are

related by is appropriate for laboratory experiments, but not for astro-
o physical conditions where photoemission and secondary
E:_&__ ©) emission often result in a positive dust charge. Gravity,

X

which would be a factor for laboratory experiments with par-
ticle sizes>1 um, is neglected since the void experiments
to date either had smaller particlf4] or were carried out
under microgravity conditiong3]. Our fluid model neglects

dust inertia effects which would play a role at the dust

different in magmtu_de,_ and they are not determmed. by the(:loud’s boundary; these are unimportant for small dust par-
same forces. Thus it will prove convenient to adopt dn‘ferenttiCIeS and in a stationary equilibrium

.nor(;nah.zatl?r?s .for irrw]em. 'I;he llon_ dl’lfiV?_k;Clty,l}? normal- We neglect dust kinetic effects, which might play a role at
ized using the ion thermal velocityr;= (T; /m;)™, the dust cloud’s boundary. We neglect any heat transfer pro-
_ cesses, which might influence the void movement and for-
U=U; /\/EUTi ’

mation.
or as a Mach number

The two important velocities in the problem are the ion
velocity u; with respect to the dust, and the dust velogity

By assuming equilibrium conditions, we are unable to
model fast-moving voids, which have not been reported in
MEUM\/W- exper!ments anyway. We will present .equations u_seful for

any kind of slow motion of a void. While several kinds of

The dust velocityw 4 is normalized by several factors includ- void motion are possible, in our numerical solutions we will
ing the thermal velocity of the neutral gasyy, e€valuate only one kind: expansion and contraction about a

=(T,/m,)*?, stationary center.
We approximate thak, andT; are spatially uniform, with
vg N, (3T, the same values in the void and the dust. It is known from
v= U1n ”_o|< T, )\/; (4) simulations[21] of dusty gas discharges thag is higher in

the dust cloud by as much as a factor of 2. We do not ac-
wheren, is the neutral gas density. count for this; if we did, it would likely affect our results
In the regions where there is dust, we will need additionauantitatively but not qualitatively. We also neglect ioniza-
dimensionless parameters. In physical units, the negativéion in the dust region, since it was shown in the experiments
dust charge is-eZy, wheree>0 andZ,>0. The dimen- [4] to be severely depressed there, as compared to the void.
sionless dust charge and dust number density pararfeter We use an approximate expression for the ion Debye length

are that neglects the streaming ions, as explained above. The
Coulomb logarithm for ion scattering by dust will be affected
z=274€%/aT,, (5) by the latter approximation. This can affect the ion drag
force by as much as a factor of 2, since the logarithm typi-
P=nyZy/ng; . (6) cally has a small value for this problem.

Perhaps the most noteworthy approximation is that we do
The dimensionless chargés equivalent to the grain’s float- not include ion-neutral collisions, which would exert a drag
ing potential —Zse/a normalized byT,. Its value, which  force on the ions. They reduce the ion velocity, which affects
must be computed from a charging equation, is typically the ion drag force on a dust particle as well as the dust
~2.5. The dust number density paramelein Eq. (6) is  particle’s charge.
essentially the ratio of the negative charge density of the dust In computing the ion drag force on the dust particles, we
compared to that of the electrons in a clean plasma. Ousssume the ion velocity in the dust region is superthermal.
parametelP is defined, as in Ref§14,1Y5, in a way that is  We require only that this assumption be valid at the bound-
useful for our nonlinear problem. It is related to the param-ary between the dust and void, and our results show this is
eter introduced in Refl9] by Ppanes=Pnoi/(Nez) . When  always true for our plasma conditions without ion-neutral
P~1, the electrons in the dusty plasma are substantially decollisions. The drift of electrons is neglected, since it is as-
pleted. sumed to be slow compared to the electron thermal velocity.
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D. Equations in the void region No »d2
. . . . 11X = S B— (12
In the void region there is no dust, so we include only the 0i no@ ory 2T /T

electrons and ions in Poisson’s equation. All equations are
for a steady state, with/dt=0.

. S . . is the dimensionless ionization rate.
With normalization of Eq(2), Poisson’s equation inside

Boundary conditions are required at the center0 and

the void is at the void’'s edge. At the center, symmetry requires that
2 =0, so that the potential is parabolic for smxill
] T (7)
—=|—=] (n—ny).
ax \a Py 0x X2 (13
We assume that the electrons are Boltzmann distributed, Thjs s the first boundary condition to be satisfied. Further
=Noe €XP(), SO that boundary conditions will be applied at the void’'s edge,
=X, .
1 dng oY ®
Ne X X’ E. Equations in the dust region

The left- and right-hand sides of E() correspond to the In the region occupied by dust, the dust charge should be

electron pressure force and the electrostatic force, respef2Ken into account in Poisson’s equation. This requires find-

tively, which balance each other in equilibrium. ing the _self-con3|stent dust c.harge anq numper density. The
The ion momentum equation also expresses a force baf:1arge is found from a charging equation, which depends on

ance in equilibrium. The expression in physical units, th? electron and. lon parameters. The ”“.mb.ef density is fc_)und
using the equations of motion and continuity for dust. First

U e dg we give Poisson’s equation, then equations for the dust, and
I

Uj—=—— —, (9) finally equations for the electrons and ions.
gx m; Ix Poisson’s equation in dimensionless units is
can be integrated and rewritten in dimensionless units as JE [d;\?
—=|—] (n—ng—P). (14
5 ox a
TUT=— 4, (10)

o _ . _ _ An exact analytic solution of Poisson’s equation in the
which is equivalent to conservation of energy for ion motiongyst region is possible because of the electrostatic force bal-
in the absence of collisions. We neglect ion-neutral colli-ance for dust particles. Under our assumption of steady-state
sions, which would apply a drag force on the right-hand side:onditions we neglect dust inertia, so that the force balance
of Eq. (9). on a dust particle, in physical units, is

The ion continuity equation

Fe+FqtFq=0, (15
anuy;

ax  Vine

where the Coulomb, ion drag, and neutral drag forces are,
respectively,

includes the ionization source on the right-hand side. Here

is the plasma ionization frequency, which increases exponen- Fe=—Z4eE
tially with T, and also depends on the atomic parameters of

the neutral ga$22]. Since we assume, is uniform, v; will Far=miujv,

be uniform as well. For simplicity, we will neglect ionization

in the dust cloud, since an experiméai showed that ion- Fr=3Nn,a%071Mq.

ization is highly suppressed in the dust, due to electron
depletion. We will also approximate that the ionization rateHere v is the collision frequency for momentum transfer
is uniform in the void, since it will turn out that, is fairly =~ between ions and dust, and the expression giveft §ds for

uniform inside the void. Thus we approximate diffuse reflection from a spherg3,24]. The electric field
appearing in Eq(15) includes the field of the dust particles.
anu ’vinOe if [x|<x, In dimensionless form, E|15) is
x {0 it 1x[>x, . —zE+unZag=v, (16)

Rewriting the ion continuity equation in dimensionless units,

where the first and second terms on the left-hand side corre-
we have

spond to the electrostatic force and the ion drag force, re-
spectively, and the right-hand side is the friction force with
(11) the neutral gas. For a stationary void, where the dust velocity

Jnu 1/X0i if |X|<XU
0 if |x|>x,, v is zero, the force balance is simplified as

X

where —E+unzayg=0. a7
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In Egs.(16) and(17) we have introduced a dimensionless The right-hand side of Eq21) represents absorption on the

coefficientay, for the ion drag: dust particles. lonization sources would appear on the right-
hand side, but we neglect them in the dust region, as ex-
7372 plained earlier. The ion momentum equation is similar to Eq.
Q=" 5 LV (9), with the addition of the ion drag force. In dimensionless
Amnia‘vriz units it is
Writing out », the ion drag collision frequendyl0], the co- AU+ )
efficient is —————=—27UPay,. (22
IX '
_ 2 2.4
:; | ﬁ + 1+ u 18 Equations(19), (21), and (22) are used to calculate the
Ay 3 n 2 |1 ( ) . . . . .
2Jru a V4 left-hand side of Poisson’s equati¢t¥) as a linear function

of P. Thus Poisson’s equation can be solved exactly in the
where the first term in brackets corresponds to the orbitjust cloud to yield an expression fBr The dissipative na-
force, while the last two terms correspond to the collectionture of the dust cloud allows us to find an algebraic solution,
force. There are several approximations in this expressiowithout need for numerical methods. The result, which we
which we list here. The Coulomb logarithm in the orbit force present as Eq(A1) in the Appendix, may have wide appli-
corresponds to an integral over ion impact parameters rangations.
ing from a minimum of the particle radius to a maximum of
the ion Debye length. The true minimum imp_act param_eter IS E Dust continuity equation for a moving void boundary
actually larger thara because of the attractive potential of ) ) . )
the negative dust partic[d0]. The expression we use fdr _For the case of a void that is expanding or contracting
neglects the ion streaming. The orbit force has a power-laith time, we must pay attention to the moving boundary
dependence on ion velocitythat assumes superthermal ion and find the proper boundary condmon for the dust veI(_)cny.
flow u>1. The expression for the collection force assumed-€t us assume that=x,(t) describes the boundary motion,
the orbital-motion limited(OML) model of ion collection Wherex,(t) is the boundary’s position at time The dust
[25,26] in the same superthermal ion flow limit>1. density near the boundary can be written as

The dust particle’s chargeor “floating potential” is de-

termined in tFr)1e steady statgéeby a balar?cg of the electron and Ng(X, 1) =Ngl X =%, (1] (23
ion currents collected by the particJ@5,26. The charging

: LA The dust continuity equation for the time-dependent dust dis-
equation for a dust particle is

tribution is given by

n [mmg2z
on an
exp(—z)= e \ mie7a0h' (19 ﬁ_td+ ﬁi)d =0, (24)

where the left-hand side comes from the electron currer\;\,herend andv are functions ofx andt. Substituting Eq.
(which is suppressed exponentially by electrostatic repul(23) into Eq. (24), we find

sion), and the right-hand side corresponds to the ion current.

In the OML model[25] the ion charging coefficient, de- g dx,(t)
pends in general on the ion temperature and drift velocity. In W( T
the same limitu>1 that we used for the collection force,

aUd

+vyg +ndﬁ—0.

The dust velocity at the boundary equals the boundary ve-

1 7'u2 .
ach:ﬂ + T) (20) locity dx,(t)/dt, and
.
Jv
i ity wi i i — -0, (25
so that the ion velocity will be taken into account in the X |, (t)

charging equation.

The dust continuity equation is trivial when the dust is
stationary. On the other hand, for a void with moving dust,
for example when the void is expanding or contracting in

Note that we have assumed a slow motion so that the
electrostatic equilibrium is constantly maintained. In this
case we are able to investigate the boundary motion, but not

size, the dust continuity equation must be included in thethe dust motion inside the dust cloud. In dimensionless units,
model, so we develop it in Sec. Il F. time is normalized as

Now we list the equations for electrons and ions. As in the

void, the electrons are Boltzmann distributed,
_ v Ty % Te\/;

= . 26
Ne=Noe EXP(¢). di2 n, 3T, (26)
The ion continuity equation in dimensionless units is For the moving void boundary, in the process of matching
the electric field, we take the derivative of both sides of Eq.
&n_u: NnPa 21) (16). We then use Eq421) and (25) to find dE/x. This is
IX ch- substituted into Poisson’s equatififg. (14)].
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G. Sharp dust-void boundary the first, and for subsequent layers it will decrease continu-

Experiments have shown that the dust-void boundary is usly. In other words, the ion drag pressure is most severe on
sharp, discontinuous interfag8—5,7,9. Here we show that the first dust particles that encounter the ion flow from the
in the steady state this is because the force balance acting §RId- This pushes the first layer back toward the others, com-
dust particles requires a jump in the dust number density &'€SSing the dust profile so that it develops a sharp edge.
the boundary, provided that the dust kinetic temperature is 1 here are several effects which could cause the jump in
zero. dust density to become a smooth profile rather than a sharp

First, we must recognize that at the boundary between this!mp. These effects are finite dust particle temperature, finite
dust cI(;ud and the void, the ion and electron parameters arRpticle size dispersion, and finite dust particle inertia. If the
the electric field, are all continuous. The electric filds ~ duSt temperature is not smally<T.Z,/z, then the left-hand
continuous because the particle cloud is a diffuse body thatid® of Eq.(27) is not negligible and the jump is continuous.
can sustain no surface charge on its boundary. The ion arlfithe particle size distribution is not monodisperse, then par-
electron densities and the ion velocity are therefore also corficles will separate at the boundary according to size. This
tinuous. Moreover, the dust chargés also continuous, since will occur because two forces on the right-hand side of Eq.
it is determined by the ion and electron parameters. (27) scale differently with particle size. The electric force is

Second, we generalize the dust force balance(E8).to «a, whereas the ion drag forcedsa?. Particle inertia would
include a nonzero dust pressurgly. The dust kinetic tem- @PPear as an additional term, with the particle mass and a
peratureT, describes a dust particle’s random moti@md convective derivative _oi; on the If—:-ft—hand side of E_c(27).
should not be confused with the particle’s surface temperg”S 0ng as the particle mass is small enougypically
ture, which can be differentin dimensionless units the dust <2 #M), or, alteratively, as long as the problem is nearly
pressure is the product of the dust number denBity and steady stat@/ot=0 and stationary =0, inertia effects will

the dust temperature;, where be negligible.
Tdez Tz H. Equations and boundary conditions for numerical solution
Td= aT? TeZg' The numerical results we will present are valid in the void
e

region x<x, . The equations for the dust regio=x, are

The generalized force balance for stationary conditions ig!sed primarily to provide boundary conditionsxat, and to
establish whether a void can exist. The equations in the void

Jg P\ P region form a simple set of the first order differential equa-
Td?x(?) =z (2Bt nuZag—v), @7 tions. We have
d
where the gradient in the dust pressure appears on the left- d_w: —-E (29
hand side. We see that 1f; is small, then the dust number X
densityP/z has an abrupt jump. Sinads continuousP also and
has a jump. Under these conditions, it is valid to use the JE d; 2 X
simplified force balance of Eq16), or Eq.(17) for a station- w3 | e =] (30
ary void. X a VT Y Xo
The jump inP is positive, Solutions of Eqs(29) and(30) should satisfy two bound-
AP=P. >0 28) ary conditions at the dust cloud boundary, namely, the con-
v tinuity of the electric field and the dust charging equation
necessary to determine whether a void can exist. and the dust particle chargg at the boundary. From Egs.
The explanation presented above applies to a stationakt0) (17), and(18), we have the force balance equation
void. It is also applicable to a void with a moving boundary, J
provided that the movement is so slow that the force balance E(x,)— 72Xy di) _ ¥(x)
is maintained at all times. O 2xgl — (x| a z,

We now consider what would happen if one started with a
void that had a smooth profile, rather than a sharp edge. As [¢(x,)]?
the ions flow from the void into the dust cloud, they are t—— =0
gradually absorbed by the dust. The ion flux will therefore
diminish with depth in the dust cloud. Thus the ion dragand from Eqs(10), (19), and(20) we find the charging equa-
force will act more weakly on the second dust layer than ortion

(3D
z

|
TMe XU/XOi Zv V_Ir/,(xv)
A2 N o oo | o 2 )

On the left-hand side the sum of the floating potential and plasma potentigh- (X, ), is essentially the floating potential
of a particle at the void’s boundary with respect to the potential at the void’s center.

(32
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Equations(31) and (32) should be solved together with the jump criteridag. (28)], which is the consequence of the
analytical solution in the dust region. At the boundary, we have the exact solution
Xo[ = (%,)] 72— e+ 87 ra?Z0xl (%) 1 *An(V = 24(x,))

P
0 1+8717azxv[_l/’(xv)]77/28n(\/_2¢(xv))

(33

where coefficientsA,, and B,, are given by Eqs(A3) and generally avoided by starting the numerical integration at a
(A4) in the Appendix. sufficiently largex.

For each run of calculations, Poisson’s equat{@6) in Near the void edge, the potential and the electric field
the void region is solved numerically to determine the elecvary rapidly withx. This occurs beyond the point where the
tric field E(x). This integration is not begun at=0, where oscillatory regime dies out, e.g., far>2.8 in Fig. 5.
there would be nonphysical accumulations of ion charge due We varied the ionization rate ¥4, to find the parameters
to u;=0 there. Instead we assume E#3) for x<x, and  where a void can exist, and the dependence of the void size
begin the integration at a finite value &f Once we have on ionization rate. The results are shown in Fig. 6. We fixed
E(x), we next findyg(x) using Eq.(29), andu(x) using Eq. the other parameters, including dust siae-0.01, T;/T,

(10). =0.05, and argon ions. At the extreme of high ionization

The boundary conditions at the void boundaryx, are  rate, we stopped our parameter scan in Fig. 6 when the void
the following: continuity ofE, u, and¢ at the boundary; the became too small for our method of integration, which began
force balance equatiai31); the charging equatio(82) at the  at a finite valuex=1.3.
boundary; and the jump condition. The latter condition, ex- There are intermittent regions of parameter space where
pressed in Eqs(28) and (33), is a test that determines we found no equilibrium void solutions. These are shown in
whether an equilibrium void can exist. Fig. 6 with shaded boxes. We cannot be certain whether the

limitations of our numerical solvers account for these regions
of no solution, or whether there is truly no physical solution
there. In any case, one would expect that, below a minimum
I. NUMERICAL RESULTS ionization rate, there will not be enough outward ion drag
force to maintain the void. Examining Fig. 6, the minimum
ionization rate is the first data point on the left.

Numerical results valid inside a void in a dusty argon As the ionization rate increases, it generally follows the
plasma are presented in Fig. 5. These show the structure etalingx,«Xxq; . This power-law scaling is easily seen as a
the potentiaky(x), ion velocityM (x), and electric fieldE(x) constant slope in the log-log plot in Fig. 6. The trend of void
in the void. The parameters are dimensionless dust &ize size diminishing with ionization rate A4; is consistent with
=0.01 (corresponding typically to micron-size particles having an ion velocity in the intermediate regime for ion
T,/T.=0.05, and a dimensionless ionization ratex,l/ drag shown in Fig. 3. In the collisionless case, the ion veloc-
=0.15. The solutions are presented beginningxatl.3 ity increases continuously with distance from the void center,
where the integration began. The void’s edge is marked i@s shown in Fig. 5. This means that the ion drag force di-
these profiles; its location was found from the boundary conminishes as the ions flow outward. A force balance is at-
ditions. tained when the ion drag force finally becomes as weak as

The ions flow from the void center toward the edge. Theythe electrostatic force. This determines the size of the void. A
accelerate toward the void boundary. The ions attain a spedugher ionization rate causes a higher potential to develop
almost exactly equal to the ion acoustic speed, i.e., a Machetween the void and the dust, accelerating the ions to a
number of unity, when they reach the boundary. This condihigher ion velocity in a shorter distance, thereby yielding a
tion is analogous to the Bohm criterion for a collisionlesssmaller void.
sheath. The ions are subsonic in the void and sonic as they This inverse dependence of the void size and ionization
enter the dust cloud. This result validates the assumption gfite should be compared to the experimental results. Both
superthermal ions used in E(.8) in the void region. Samsonov and Gorgd] and Morfill et al.[8] found that the

The potential in Fig. &) varies smoothly, with a nearly void size increased when the rf power that sustained the dis-
parabolic dependence onin most of the void. There are charge was increased. Recall that the ionization rate in-
small oscillations superimposed on the otherwise smootlereases exponentially witif,. Our results are consistent
monotonic shape of the potential profile. These oscillationgvith the experiments only iT, decreases with the applied rf
are also apparent in the ion velocity in Figah but they are  power, but it is not known from the experiments whether this
most prominent in the electric fieldFig. 5(c)]. These spatial is true. If there is a disagreement between our result and the
oscillations reveal the presence of a stationary ionizatiorexperiment, there are two possible explanations. First, it is
striation. In a test, we verified that they are suppressed whepossible that there truly is a solution to our equations that our
ion-neutral collisions are included in the model. The onlynumerical solvers failed to find in the leftmost shaded region
conditions where these oscillations pose a problem in ouef Fig. 6, and that this solution has a void size that increases
solutions are when the potential fluctuates to a positivevith ionization rate. Second, we have neglected ion-neutral
value, so that a solution cannot be found. This problem igollisions, which would reduce the ion velocity. We have not

A. Stationary voids
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2 i FIG. 6. Dependence of the void sizg on the ionization rate
5 o8 B 1/xq; within the range 0.£1/xy;<0.3. Regions where no equilib-
g i rium solution exist are shown with shaded boxes. There are no
Toea o ___ equilibrium solutions for ¥,;;<0.1 because the ionization rate is
- too low to produce an outward ion flux adequate to sustain the void.
6
5 . . .
3 B. Voids that expand or contract with time
4
'TE . By including a moving boundary between the void and
2 dust cloud, but keeping the void center stationariato,
w 2 we modeled the problem of a void that can expand or con-
g tract with time. The motion must be slow enough that the
% 0 | equilibrium force balance on dust particles is always main-
° 4 F ! tained. Under these conditions it is still possible to find the
o ! ! ! | velocity of the void's edge, because the force balance in-
1 15 2 25 X 3 cludes the dust-neutral drag force, which depends on the dust
position x (normalized) velocity.

FIG. 5. Solutions in the void region showing the spatial profiles Results are shown in Fig. 7. The parameters assumed here

of (a) the normalized electrostatic potential (b) the normalized ~are a relatively large dust size=0.1 and a low ionization
electric fieldE, and(c) the Mach number of the ion flow. Param- rate 1K =0.09.
eters assumed weme=0.01, T;/T,=0.05, and M;=0.15 in an The phase diagram shown in Figayis a plot of velocity
argon plasma. The origin at=0 is suppressed in this plot. The vs position of the void edge, . This phase diagram reveals
void edge, determined from the boundary conditions, was found t& single stable equilibrium void size, where the velocity of
be_xv=2.876. Note that the ipn Mach number_is _alrr_lost exactlythe void edgedx, /dt is zero. Smaller voids will grow, be-
unity at the void edge. The ion thermal velocity indicated by acgayse their edge will have a positive velocity. Larger voids
dashed line inb) has a Mach number of 0.376. will shrink, with an edge moving with a negative velocity.
This “stationary point” feature of the phase diagram was
found for all the parameters we tested. It indicates a single
stable equilibrium for a given particle size and ionization
solved the latter problem, so we are unable to say whethegte. This is a noteworthy result that we compare to experi-
this could lead to a void size that increases with ionizatiormental results in Sec. IV.
rate. Contracting voids with a size larger than a maximum can-
For all the stable void solutions in our parameter scan ofiot exist. This maximum size should not be confused with
Fig. 6, we found that the Mach number of the ion flow wasthe maximum size of a stationary void, as in Sec. |[{tAat
almost exactly unity at the boundary. This is analogous to thenaximum size corresponds to a minimum ionization rate for
Bohm criterion of a collisionless sheath, except that there isustaining the void Here we refer to the maximum size of a
nothing like an electrode in our model of the dust cloud. In avoid that is contracting toward its stationary size. Near the
collisionless sheath, the ion velocity is subsonic in the mairmaximum size, the velocity of the void’'s edge is always
plasma and becomes supersonic in the sheath. lons then flalirected inwards, i.e., the void is contracting. The maximum
through the sheath to the electrode. Drawing on a sheatpossible void size for all investigated cases was larger than
analogy, we would say that the “sheath” in a void-dust the size of a stationary void.
cloud system is localized inside the dust cloud rather than in The dust charge in Fig.(B) has a maximum for a void
the void. Indeed, the numerical solutions of R&f7] showed size slightly larger than the stationary void size. The charge
that the electric potential drop occurs mostly inside the dustlecreases rapidly for voids that are large and shrinking, i.e.,
cloud. near the maximum void size.
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FIG. 7. Solutions for an expanding or contracting void, showing
the spatial profiles ofa) the normalized velocity of the void edge
dx, /dt, (b) the normalized dust chargeat the void edge, antt)
the jump of the dust number density paramé?eat the void edge. For a stable void to exist, the particle size and ionization
Parameters assumed were 0.1, T;/Te=0.05, and M;=0.09 in  rate parameters must allow a stable equilibrium. This occurs
an argon plasma. The phase diagragnshows a stationary point. ~ for some parameters but not all, as shown in Sec. Il A. This
Larger voids contract and smaller voids expand. There is a maXiz,ngition is not sufficient, however. In addition to having a
mum size for a contracting void; it occurs where the dust densnyStable stationary size, the moving size must not be too large,
jump becomes zero. .

as shown in Sec. Il B.
The reason voids larger than the maximum moving size
cannot exist is that the dust particle charge would be too

We repeated these calculations for a wide range of dusimall to allow a force balance. In Fig(cJ the dust number
size and ionization rate. The equilibrium void size, i.e., thedensity paramete? at the void edge diminishes rapidly near
stationary point on the phase diagram, depends sensitively dhe maximum void size.
the ionization rate. This is shown in Fig(a8, where the A void that is expanding or contracting will not oscillate
phase diagram curves cross zero at different void sizes, debout the stationary equilibrium size, but rather will ap-
pending on the ionization rate. Other results, stated brieflyproach it asymptotically. This is shown in the time series of
were as follows. For smaller dust particles and larger ionizaFig. 9, which corresponds to the phase diagram in Fig. 7
tion rates, the contracting velocity can be very large whileThe time required for the expanding or contracting void to
the expanding velocities are low. In this case, the dust der@Pproach is typically about unity in our dimensionless units.
sity jump P, for a contracting void has a large maximum L.Jsmg the nc.)rmallz'atlc.)n for timgEq. (26)], this formation
value while an expanding void has a smaller jump. For largefme in physical units is
dust sizes and smaller ionization rates, the dust density jump 2
) . . d° 3T, n
is much larger for expanding voids than that for the contract- ~_! n_n
ing void. In this case expanding voids have velocities com- Y avty, Te\/; Noi

C. Global void stability

(34
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67— pands or contracts. However, we can make a qualitative pre-
I ] diction. We do this using the phase space diagram in Fig.
8(a), to determine the evolution of the void size if the ion-
] ization rate is changed as an external parameter. This is
beginning at 1 sketched in Fig. @). We begin at point 1, and then increase
alarge void size ] the ionization ratéby increasingr, for examplé, doing this
fast enough {<1) that the system does not follow an
isoionization-rate curve. The void size then expands from the
stationary point of one isoionization-rate curve to another,
1—2. Then we fix the ionization rate, and the void size
] expands further along isoionization-rate curve:3, until it
beginning at 1 reaches a new stationary point 3. Then we decrease the ion-
|/ asmall void size ] ization rate back to the original rate, so that the void con-
R — tracts rapidly 3-4 and then 4-1. This completes our
0 0.1 02 03 04 05 cycle. It illustrates how an ionization rate that varies with
time (normalized) void size can lead to a cycle similar to that observed in the
experiment of Morfillet al. It is idealized, and not an exact
simulation of the experiment.

o
”n

equilibrium void edge position ]

(3, ]
I
|

position of void edge x,

»
o
T
I

FIG. 9. Temporal evolution of the void size. These data corre
spond to the phase diagram of Fidga){ with the same parameters.
The upper and lower curves show the evolution of a void with an
initial size larger and smaller than the stationary void size, respec-
tively. The void size asymptotically approaches the stationary void IV. CONCLUSIONS

size. Time here is normalized as in Hg6). We have demonstrated that a void is a stable equilibrium

in a dusty plasma when there is sufficient ionization. The

The characteristic time, in Eq. (34) is of the order 0.1 sec yjid is maintained by a balance of an outward ion drag force
for typical experimental parameters?/a~100 um, v,  and an inward electrostatic force.
~3x10* cm/s, and an ionization fractionne;/n, We developed one-dimensional nonlinear fluid equations
~10 '-10 ° in argon gas. for both the void and dust cloud regions. These include dust
charging, ion drag forces on dust, and an ionization source.
We solved them numerically in the void region, and applied
boundary conditions at the void’'s edge, based on the equa-

While the void in the experiment of Morfiktt al. [8] was  tions in the dust region.
usually stable, under some operating conditions it underwent The approximations, particularly our assumption of colli-
a 1.5-Hz relaxation oscillation. This mode was termed thesionless ions, limit the model’s ability to make quantitative
“heartbeat” because the particles underwent a throbbingredictions for the experiments, which are always conducted
motion like a muscle in a heart. The void repeatedly col-with significant ion-neutral collisions. Nevertheless, many of
lapsed to a no-void condition, and then returned to the origithe qualitative features of our results are suitable for com-
nal size. In phase space, this corresponds to a cycle rathparison to the experiments.
than a stationary point. One of our results that agrees with all the reported experi-

The experiment flew on a sounding rocket to provide mi-ments is the existence of a sharp edge at the boundary be-
crogravity conditions. This allowed the entire plasma volumetween the void and the surrounding dust cloud. We found
to be filled with dust in a way that would be possible in thethat this is due to the force balance on a dust particle. Pro-
laboratory only by using smaller particles. The rf generatorvided that the dust has a zero kinetic temperature and the
applied a sinusoidal voltage at the fundamental frequencyparticles have a uniform size, the force balance can be satis-
and the forward power was regulated as a constant. The volfied only if there is a discontinuity in the dust number den-
age and current were not regulated, but at the fundamentalty. There is no discontinuity, however, in the potential,
frequency 13.5 MHz they were observed to remain constarglectric field, ion velocity, or other plasma parameters.
during the heartbeat. However, the harmonics of the rf on the There is always either a single stable equilibrium size for
electrode were observed to be modulated at 1.5 Hz. Thegbe void, or there is no void at all. In a phase diagram, there
harmonics are generated by the nonlinear impedance of theas a single stationary point, if there was any solution at all,
plasma. The modulation of the harmonics indicates that somr a fixed ionization rate. When a void is expanding our
internal plasma parameter varied with the void size. contracting with time, we find that it always asymptotically

It is unknown exactly which internal parameters wereapproaches the equilibrium stationary size. It does this with-
modulated. Here we will speculate how the ionization rate, ifout any oscillations, provided that the ionization rate is held
it was modulated with the void size, could explain the cycli- constant, and it achieves the final equilibrium size fairly rap-
cal variation of the void size. idly, on a time scale of about 0.1 sec in the experiments. On

The model we have presented includes a fixed ionizatiothe other hand, if the ionization rate in the void varies in time
rate. This is equivalent to assuming a uniform and constarin some self-consistent manner with the void size and other
T.. Because of this assumption, the model is unable to preplasma parameters, it is possible for the void size to oscillate
dict the phase diagram quantitatively if the ionization rate inin a repetitive cycle as was observed in the microgravity
a gas discharge varies self-consistently as the void size exxperiment of Morfillet al. [8].

D. Oscillation of void size
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The experimental results of Samsonov and G¢#dend APPENDIX: EXPRESSION FOR DUST DENSITY

Morfill et al.[8] indicated that the void size increased when PARAMETER P IN THE DUST REGION

the rf power that sustained the discharge was increased. In . . .

our model, the void size decreases with the ionization rate, An EXpression for t_he dust density pa_ramd?als found

and therefore decreases with. We do not know whether by substituting Eq(lG) into Eq.(14) and using Eqs(20) and

this result is consistent with the experimental result, since(21)' The result is

there were no measurementsTof vs rf power made in the

experiments. d2(n—ng)+ ra?[ A, (M)W?+ A, wn+ A, (M)n?]
One way the model could be improved so that it can be ©~ 2 2

compared more directly to the experiments is by including di'+ ra’[Buy(M)w+Bn(M)n]

ion-neutral collisions. These would reduce the ion velocity,

which in turn would affect the ion drag force, the dust . . _
wherew=v/7, v is the dust velocity with respect to the

charge, and the electric field at the void boundary. One pos )
sible approach to including ion-neutral collisions would be tor‘eu”al gas background, aid is the Mach number of the

assume mobility-limited ion motion. In a noble gas, the ionion flow, which at the dust boundary is equal to its value in

(A1)

velocity scales<E/N for low values ofE/N, whereN is the the void

neutral gas pressure, but(E/N)*? for higher valueq28]. ) )

The transition between these two regimes occurs at the ion Me=27u°=—2¢. (A2)
thermal velocity, which coincidentally is where the ion drag

force undergoes a transition, as shown in Fig. 3. The coefficientsA andB in Eq. (Al) are

1 2M2%z+M*—4z

A,(M)=— ,
w(M) 72M?2 272427+ M?z
A (M) 1 A(M)222+62—M22—M4 47°+ 4AM?%z+ M4 A3)
o M4 272427+ M?2 * 272427+ M?2
A (M)_ZZA(M) AM)+A (M)4z2+4|v|zz+|v|4
" M6 * 272427+ M?2
1 M2 2\ 2
B M=——(1+—) —2AM) |———,
w(M) ZM?*| 22 2z ( )22+2+M2
B.(M)= z AZ(M)+2A (M)A, (M) 22+ M2 +M2 1+ i (M) 22+ M2 A(M) (A4)
" M6 * 2z+2+M?2 2z 2z * 272427+ M?z '
where
i 2 M4 i M4
A(M):In — +E+E, A*(M):“’I(g —E.

Equation(Al) is a generally useful result for the dust density parameter in a plasma, in the absence of ion-neutral collisions.
In the main paper we use it for a specialized purpose, evaluating it only at the boundary of the=vejd,

All the expressions above assume equilibrium condité#t=0. This allows for the possibility that either the dust is
stationary, or that it moves so slowly that the dust inertia is insignificant and equilibrium conditions are maintained at every
moment.
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