
PHYSICAL REVIEW E 66, 056411 ~2002!
Complex-plasma boundaries
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This study deals with the boundary between a normal plasma of ions and electrons, and an adjacent complex
plasma of ions, electrons, and microparticles, as found in innumerable examples in nature. Here we show that
the matching between the two plasmas involve electrostatic double layers. These double layers explain the
sharp boundaries observed in the laboratory and in astrophysics. A modified theory is derived for the double
layers that form at the discontinuity between two different complex plasmas and at the point of contact of three
complex plasmas. The theory is applied to the first measurements from the Plasma Kristall Experiment~PKE!
Nefedov Laboratory in the International Space Station.
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Self-organization and self-structuring of complex plasm
are phenomena, that have only recently been discovere
microgravity experiments@1,2#. The system forms shar
stable boundaries with a characteristic length of the surf
roughness comparable to the inter-particle distances. The
faces are, nevertheless, quite porous, the solid~microparticle!
fraction being of the order (a/lD)2, with a being the particle
radius andlD the Debye length. This fraction can be as lo
as 1024 in the experiments performed so far. In this paper
investigate the microscopic and collective processes that
rise to this self-structuring and the surprisingly sharp s
faces observed. In the absence of gravity~normally the domi-
nant force on the microparticles, and hence a decisive fa
determining any surface structure of complex plasmas!, ei-
ther electrostatic forces, ion drag, or thermophoresis are
sponsible for the phenomena observed@1#. Microgravity thus
allows us to study new collective effects that are not oth
wise accessible.

When the plasma sheaths surrounding the particles in
act, unexpected effects arise@3–6#. Among those is the coun
terintuitive effect that the negative particles are pushed a
from the center of the discharge, which is generally the m
positive part of the plasma. Figure 1 represents a typ
steady state central meridional view for two complex pl
mas under microgravity. It is easy to identify four regio
that, although not completely uniform, show internal coh
ence. The first region is the central void. Its extension
much larger than any screening length so that we can ass
quasineutrality inside. Ionization does actually occur in
void but, because of symmetry, no net current crosses
void–complex-plasma boundary. The second region
rounding the void is a three-component plasma where
negative charge is distributed between the electrons and
particles to equal the ion density. Since the free-electron d
sity is lower than in the void, the electron screening length
longer. Here the ionization rate is reduced with respect to
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void. The third region shows larger intergrain distanc
hence larger screening lengths. This means fewer free e
trons, and we can assume the particles’ size to be lar
although the charge on a particle is not strictly proportio
to the particle’s surface area. The fourth region is domina
by the electrode/wall radiofrequency sheath.

Our approach in analyzing the boundaries between
above regions assumes quasineutrality in the first th
Large discontinuities in the electrostatic potential, cha
double layers~DL!, will match the flow of ions and electron
from any of the above plasmas. These DL are similar to
double layers found at the edge of a metal@7# or at the
discontinuity between different work-function metals
semiconductors. The difference with respect to the above
amples is that in complex plasmas all three compone
electrons, ions, and charged microparticles, can participa

FIG. 1. Measurements from the PKE-Nefedov Laborato
showing the distribution of two complex plasmas in the cent
meridional plane of the cylindrical plasma chamber~for an experi-
mental description, see Ref.@2#!. The experimental parameters a
Vr f 535.75 V ~effective!, P574 Pa of argon,f56.8 mm, for
larger particles~located outside!, andf53.4 mm for smaller par-
ticles ~located inside!.
©2002 The American Physical Society11-1
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the conduction; and, in general, their densities are no
equilibrium.

Using the same notation as Ref.@8#, where the DL form-
ing at a hot cathode has been analyzed, potentials wil
measured from a plane at the void DL boundary. Figur
shows a schematic of the potential profile at the interf
between complex-plasma and void. The reference syste
also shown. On the void side, ions are accelerated in the
after having acquired a velocity of the order of the Boh
speed in the void. Some of the electrons entering the DL
reach the complex plasma, and others will be turned ba
From the lower-potential three component plasma, o
some electrons will be accelerated towards the void, whe
the ions are turned back by the potential. The charged mi
particles are assumed to be at rest, consistent with the o
vations. In this figure a possible confining mechanism for
particles, the triple layer, is outlined. In the following, th
charge densities for the individual species are derived.

The beam of electrons, j b , leaving the complex plasma i
accelerated by the DL field to reach a velocityvb . Their
initial potential energy iseVDL , whereVDL is the edge po-
tential on the lower potential side of the DL. Assuming flu
and energy conservation, we have

nb5
j b

e S m

2eD 1/2

~VDL2V!21/2. ~1!

Here m and e are the mass and charge of the electron,
spectively.

The ionsarrive at the void-DL boundary with an average
velocity acquired in a presheath potentialV0. Here we as-
sume monoenergetic ions. In the absence of collisions in
DL, the flux of ions is continuous across the sheath a
energy is conserved. The velocity and the density of the i
are given below:

v i5S 2e

M D 1/2

~V01V!1/2, ~2!

ni5ni0S 11
V

V0
D 21/2

. ~3!

Hereni0 is the ion density at the void edge andM is the mass
of the ion.

The void electronsenter the sheath with random velocit
For their density in the DL we can assume, in most cases

FIG. 2. Schematics of the potential profile across a triple la
with the reference system.
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Boltzmann distribution law. Some correction for small D
potentials leading to non-Maxwellian distributions can
made, but are not given in this paper. In the case of e
tronegative gases or in the presence of impurities, so
negative ionsshould be taken into account as indicated in t
hot cathode equations in Ref.@9#.

We have used the followingnormalization, whereTe is
the electron temperature,k is the Boltzmann constant ande0
is the electric permittivity. The subscriptsi, e, b, and 0 refer
to ions, void electrons, beam electrons, and the zero re
ence point. The normalized potential ish5eV/kTe and par-
ticle densities aren5n/ne0. The normalized current densit
is

J5
j

ne0eS kTe

m D 1/2

~2hDL!3/2

. ~4!

The distance from the complex-plasma edge is normalize
the electron Debye lengthj5x/lDe .

The normalizedPoisson’s equationis

]2h

]j2 5
n i

A11
h

h0

2
2Jb~hDL!3/2

A~hDL2h!
2exp~2h!. ~5!

The boundary conditionsare derived strictly from geometri
cal considerations. The scales of the two adjacent plas
are much larger than the Debye length and the double-la
thickness. Hence we assume quasineutrality at the DL ed
The quasineutrality condition at the void edge,h50, implies
n i5112hDLJb . At h50 we also assume no charge grad
ent. From these conditions, following Ref.@10#, we can cal-
culate the presheath potential that accelerates the ions
the DL:

h05
112hDLJb

2~12Jb!
, ~6!

where the usual Bohm criterion is obtained in the limitin
caseJb50. The condition of quasineutrality at the comple
plasma side implies a negligible or constant electric field
the complex plasma. These conditions can be implemen
by the integration of the Poisson equation~5! to obtain the
Maxwell stress.

1

2
«252n ih0F S 11

h

h0
D 1/2

21G2Jb~2hDL!3/2@~2hDL!1/2

2~2hDL22h!1/2#1exp~2h!21. ~7!

We can then impose zero electric field at the complex-plas
edge:

2n ih0F S 11
hDL

h0
D 1/2

21G2Jb~2hDL!21e2hDL2150.

~8!
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Alternatively, we might assume a uniform field in the com
plex plasma. In the specific case of Fig. 1 the moment
acquired by the ions in the DL is probably thermalized by
scattering with the particles. The last condition for the voi
complex-plasma boundary is ‘‘zero current’’ deduced fro
the ‘‘closed’’ geometry in Fig. 1. The ‘‘open void’’ case
which allows some circulation of current, is discussed la
In a low-temperature rf plasma ionization occurs mos
where the electron density is highest, i.e., in the void,
remarked earlier. Recombination in the void is forbidden
the conservation rules so that always a couple electron
will leave the void, giving zero net particle current across
DL. Some of the electrons generated at the rf electr
sheath edge, or secondary electrons from the electrode,
enter and exit the void without giving an extra contributi
to the current. The total current density across the dou
layer is

J5
m1/2~112hDLJb!3/2

M1/2~2hDL!3/2~12Jb!1/2
1Jb2

exp~2hDL!

~2p!1/2~2hDL!3/2
.

~9!

The boundary conditions of neutrality and zero-charge
rivative at the void boundary, together with the condition
zero current and fixed Maxwell stress at the complex-plas
side, can only be consistently satisfied by a unique choic
the three parameters; the presheathV0, the DL voltageVDL
and the electron beam currentJb , as given in Table I. Here a
normalized Maxwell stress of 1 corresponds to a stress e
to the pressure of the electrons from the void. This should
compared to the usual floating sheath in which the elec
and the ion pressure act on the wall, giving a floating pot
tial of 4.64kTe /e in argon and the Bohm presheath. For t
above cases, the profiles of the electrical potential are sh
in Fig. 3. At zero Maxwell stress, a voltage of about 1kTe /e
will reduce to 20% of its value in about 5lD . From V0
50.577, we know that a presheath, slightly modified w
respect to the Bohm case, develops in the void.

When two different complex plasmas are in contact, a
localized difference of potential arises. Figure 1 shows a n
row ‘‘empty’’ space between the complex plasma w
smaller microparticles~near to the void! and the plasma with
larger particles~outside!. In a complex plasma, the ratio o
the ions to the free electrons is given bya511P, whereP

TABLE I. Parameters for a void–complex-plasma boundary.

1/2EDL
2 ~Stress! I ~Current! hDL h0 Jb

0 0 1.007 0.577 0.049
0.2 0 1.67 0.514 0.011
0.4 0 2.24 0.504 3.9231023

0.6 0 2.79 0.503 1.4531023

1.0 0 3.96 0.500 1.0831024

0 20.1 0.732 0.562 0.048
0 0.1 1.317 0.589 0.047
0 0.3 2.114 0.606 0.039
0 0.5 3.42 0.613 0.028
05641
e

r.

s
y
n

e
e
ill

le

-
f
a

of

al
e
n
-

n

r-

is the ‘‘Havnes parameter,’’P5zpnp /ne , see Ref.@6#, with
zp andnp the particles’ absolute charge and the density,
spectively. As some of the negative charge is bound to
microparticles, the free-electron density is reduced, an
lower number of electrons will traverse the DL when com
pared with the void–complex-plasma case. The condition
quasineutrality at the DL edge can then be written asn i5a
12hDLJb . Because of the normalization of the particle
density tone0, Poisson’s equation~5! and the total current
equation ~9! are not modified with respect to the void
complex-plasma case. The presheath equation~6! is then
modified as:

h05
a12hDLJb

2~12Jb!
, ~10!

and the Maxwell stress boundary condition remains as in
~8!, with the modified values forn i andh0. In Table II, V0 ,
VDL , andJb are given for four values of the parametera for
zero Maxwell stress at both sides of the DL. For the abo
cases, the profiles of the electrical potential are shown in
4. For the DL between two complex plasmas, a direct co
parison of our theory with the experiments allows us to d
rive the Havnes parameter as shown below. To our kno
edge, this is the only direct determination available so far
can be used to estimate the coupling parameter too. For

FIG. 3. Potential profiles for three values of the Maxwell stre
at the ‘‘low-potential’’ side~hypothesis of zero current across th
double layer!.

TABLE II. Parameters for the boundary between two comp
plasmas at zero current and zero Maxwell stress.

a(ne /ni) hDL h0 Jb

1.0 1.007 0.577 0.049
1.1 0.683 0.664 0.122
1.2 0.443 0.896 0.296
1.3 0.276 2.31 0.701
1.31 0.261 3.01 0.767
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measurements of Fig. 1 the empty region between the
complex plasmas of different particle sizes is roughly tw
the intergrain distance of the ‘‘upper voltage’’ plasma, i.
approximately twice the Debye length. This is shown by
curve a51.2 in Fig. 4, from which we deduce a Havne
parameter of 0.2 in the upper plasma. Note that for DL l
thankTe /e, some correction to the value of Table II and F
4 to take in account the non-Maxwellian electrons might
needed. Instead in presence of a residual Maxwell stres
the ‘‘lower’’ plasma, the derived Havnes parameter would
correct because the stress would increase the DL voltage
not the thickness~see also Fig. 3!.

In a closed void, as in Fig. 1,the particle current across
the DL is zero. This condition may not hold for open voids
for triple points, i.e., the point of contact between three d
ferent plasmas or two plasmas and the sheath. In this la
case, the circulation of some current would help the mat
ing of the electrostatic potential in the three regions. T
profiles of the potential for five electron currents, zero stre
anda51 are given in Fig. 5, and the relevant data in Ta
I. Here the net particle current across the DL is normalized
in Eq. ~4!. To give a better idea of these quantities, the n
malized Bohm flux is 6.531024. A positive current repre-

FIG. 4. Potential profiles for several values of the ratio betwe
the density of the ions and the density of the electrons at the hig
potential plasma~hypothesis of zero current across the dou
layer!.
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sents a net flow of ions from the upper plasma, this w
increase the dc voltage difference. The double-layer the
provides information on the potential structure of the o
served sharp interface between the void plasma and the c
plex plasma. The complex-plasma surface, although
tremely porous, behaves almost like a wall with zero n
current passing through. Without the dominant effect
gravity, i.e., in a microgravity environment, the micropa
ticles arrange themselves around a void, where the ioniza
mainly occurs. Different complex plasmas will then se
organize and arrange themselves in order of decreasing
electron density. A modified equation for the DL betwe
complex plasmas was derived taking into account the va
tions in the electron density. This allows a determination
the Havnes parameter and the coupling strength.
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FIG. 5. Potential profiles for several values of the current acr
the double layer~hypothesis of zero Maxwell stress on the low
potential plasma edge of the double layer!.
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