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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 Exp@tiignt
Nefedov Laboratory in the International Space Station.

DOI: 10.1103/PhysRevE.66.056411 PACS nuner52.27.Lw, 52.25.\y, 52.96-:z

Self-organization and self-structuring of complex plasmas/oid. The third region shows larger intergrain distances,
are phenomena, that have only recently been discovered imence larger screening lengths. This means fewer free elec-
microgravity experimentg1,2]. The system forms sharp trons, and we can assume the particles’ size to be larger,
stable boundaries with a characteristic length of the surfacalthough the charge on a particle is not strictly proportional
roughness comparable to the inter-particle distances. The sue the particle’s surface area. The fourth region is dominated
faces are, nevertheless, quite porous, the golidroparticle by the electrode/wall radiofrequency sheath.
fraction being of the ordera/\p)?, with a being the particle Our approach in analyzing the boundaries between the
radius and\ the Debye length. This fraction can be as low above regions assumes quasineutrality in the first three.
as 10‘4 in the experiments performed so far. In this paper Wel_arge discontinuities in the electrostatic potential, charge
investigate the microscopic and collective processes that givéouble layersDL), will match the flow of ions and electrons
rise to this self-structuring and the surprisingly sharp surfrom any of the above plasmas. These DL are similar to the
faces observed. In the absence of gragityrmally the domi- double layers found at the edge of a melté] or at the
nant force on the microparticles, and hence a decisive factgfiscontinuity between different work-function metals or
determining any surface structure of complex plasmes  semiconductors. The difference with respect to the above ex-
ther electrostatic forces, ion drag, or thermophoresis are r@mples is that in complex plasmas all three components,
sponsible for the phenomena obsery&H Microgravity thus ~ €lectrons, ions, and charged microparticles, can participate in
allows us to study new collective effects that are not other-
wise accessible.

When the plasma sheaths surrounding the particles inter-
act, unexpected effects aris®-6]. Among those is the coun-
terintuitive effect that the negative particles are pushed away
from the center of the discharge, which is generally the most
positive part of the plasma. Figure 1 represents a typical
steady state central meridional view for two complex plas-
mas under microgravity. It is easy to identify four regions
that, although not completely uniform, show internal coher-
ence. The first region is the central void. Its extension is
much larger than any screening length so that we can assume
quasineutrality inside. lonization does actually occur in the
void but, because of symmetry, no net current crosses the
void—complex-plasma boundary. The second region sur- : 11:82:17:14
rounding the void is a three-component plasma where the
negative charge is distributed between the electrons and the £ 1. Measurements from the PKE-Nefedov Laboratory,

particles to equal the ion density. Since the free-electron deng,oying the distribution of two complex plasmas in the central
sity is lower than in the void, the electron screening length iSneridional plane of the cylindrical plasma chambfer an experi-
|0nger. Here the ionization rate is reduced with I’eSpeCt to thﬂ]enta| description’ see RQQ]) The experimenta| parameters are
V,;=35.75 V (effective, P=74 Pa of argon,$=6.8 um, for
larger particleqlocated outsidg and ¢=3.4 um for smaller par-
*Deceased. ticles (located insidg
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Boltzmann distribution law. Some correction for small DL
potentials leading to non-Maxwellian distributions can be
made, but are not given in this paper. In the case of elec-
tronegative gases or in the presence of impurities, some

E?SISI?S ors V negative ionshoulq be t_aken into account as indicated in the
pgy _________________ Py oo hot cathode equations in Ré8].
t ; i We have used the followingormalization whereT, is
DL thickness the electron temperaturk,is the Boltzmann constant areg
(dark-region) is the electric permittivity. The subscripitse, b, and 0 refer

) . . ] to ions, void electrons, beam electrons, and the zero refer-
FIG. 2. Schematics of the potential profile across a triple layergyce point. The normalized potentialss=eV/kT, and par-
with the reference system. ticle densities are=n/n. The normalized current density

the conduction; and, in general, their densities are not irllS
equilibrium.
Using the same notation as RE8], where the DL form- J=
ing at a hot cathode has been analyzed, potentials will be
measured from a plane at the void DL boundary. Figure 2
shows a schematic of the potential profile at the interface
between complex-plasma and void. The reference system iEhe distance from the complex-plasma edge is normalized to
also shown. On the void side, ions are accelerated in the Dthe electron Debye length=x/\pe -
after having acquired a velocity of the order of the Bohm The normalizedPoisson’s equatiolis
speed in the void. Some of the electrons entering the DL will

i

T :
e 3
neoe( m ) (2mpL)

4

reach the complex plasma, and others will be turned back. 9 Vi 23p(7pL) %

From the lower-potential three component plasma, only Py - —exp—n). (5
some electrons will be accelerated towards the void, whereas 3 \/ n \/( 7oL 7)

the ions are turned back by the potential. The charged micro- o

- . - 7
particles are assumed to be at rest, consistent with the obser- °

vations. In this figure a possible confining mechanism for therhe boundary conditionsre derived strictly from geometri-
particles, the triple layer, is outlined. In the following, the ca| considerations. The scales of the two adjacent plasmas
charge densities for the 'individu'al species are derived. ~are much larger than the Debye length and the double-layer
The beam of electrong,, leaving the complex plasma is thickness. Hence we assume quasineutrality at the DL edges.
accelerated by the DL field to reach a velocity. Their  The quasineutrality condition at the void edges 0, implies
initial potential energy i®Vp , whereVp, is the edge po- ;. =1+ 24, J,. At =0 we also assume no charge gradi-
tential on the lower potential side of the DL. Assuming flux ent, From these conditions, following R¢10], we can cal-

and energy conservation, we have culate the presheath potential that accelerates the ions into
) 12 the DL:
_J_b m \Vj _V)*l/Z (1)
M="e|2e (Vo ' 1+2n9p ©)
SN

Here m and e are the mass and charge of the electron, re-

SpeTCh“V?'Y- . tth id-DL bound ith dWhere the usual Bohm criterion is obtained in the limiting

| ﬁ'OnWF'V%?‘ e vol h thount ary WIH an average caseJ,=0. The condition of quasineutrality at the complex-
velocily acquired In a presheath po entigy. €ré We as- plasma side implies a negligible or constant electric field in
sume monoenergetic ions. In the absence of collisions in th[E_‘e complex plasma. These conditions can be implemented

DL, the' flux of ions is contlnu_ous across the. sheath an y the integration of the Poisson equati(@ to obtain the
energy is conserved. The velocity and the density of the iong;,\vell stress

are given below:

1 1/2
12 2o L 3l 172
vi:(ﬁ) (Vo t V)22 @) 58 =2vinol | 1+ 7]0) 1= Ip(2700)% 1 (27p0)
—(29pL—2m) "] +exp— n)— 1. (7)
Vv —1/2
Ni="njo| 1+ Vo (3 We can then impose zero electric field at the complex-plasma
edge:
Heren,, is the ion density at the void edge aklis the mass o
of the ion. , /T I 24 mL—1=
The void electrongnter the sheath with random velocity. 2vimo) | 1+ Mo ) 1} Jo(27pL) "+ € 1=0.
For their density in the DL we can assume, in most cases, the (8)
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TABLE |. Parameters for a void—complex-plasma boundary. 7 T " T T T
5 .
1/2E5, (Stresg | (Curren} 7oL Mo Jp Moxwellion stress

0 0 1.007 0.577 0.049

0.2 0 1.67 0.514 0.011 -
0.4 0 2.24 0.504  3.9210°3

0.6 0 2.79 0.503 1.4810°°

1.0 0 3.96 0.500 1.0810°* S |
0 -0.1 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

Alternatively, we might assume a uniform field in the com-
plex plasma. In the specific case of Fig. 1 the momentum
acquired by the ions in the DL is probably thermalized by the &

scattering with the particles. The last condition for the void— g1 3. potential profiles for three values of the Maxwell stress

complex-plasma boundary is “zero current” deduced fromat the “low-potential” side (hypothesis of zero current across the
the “closed” geometry in Fig. 1. The “open void” case, double layey.

which allows some circulation of current, is discussed later.

In a low-temperature rf plasma ionization occurs mostlyjs the “Havnes parameter,P=z,n,/n,, see Ref[6], with
where the electron density is highest, i.e., in the void, ag andn, the particles’ absolute charge and the density, re-
remarked earlier. Recombination in the void is forbidden byspectively. As some of the negative charge is bound to the
the conservation rules so that always a couple electron-iomicroparticles, the free-electron density is reduced, and a
will leave the void, giving zero net particle current across thegwer number of electrons will traverse the DL when com-
DL. Some of the electrons generated at the rf electrodared with the void—complex-plasma case. The condition of
sheath edge, or secondary electrons from the electrode, wWifuasineutrality at the DL edge can then be writtervasa
enter and exit the void without giving an extra contribution 42, 3, Because of the normalization of the particles’
to the current. The total current density across the doubl@ensity ton,,, Poisson’s equatiofs) and the total current

15 20

layer is equation (9) are not modified with respect to the void—
complex-plasma case. The presheath equaf@nis then
_ mYA1+27p,3,)%? exp(— 7pi) modified as:
EVER 3207 _ 1 12 Vb 12 3"
M= 427p)* (1= Jp) (2m)"42npL) _a'+277DL‘]b

The boundary conditions of neutrality and zero-charge de- . ) .
rivative at the void boundary, together with the condition of @1d the Maxwell stress boundary condition remains as in Eq.
zero current and fixed Maxwell stress at the complex-plasm&): With the modified values for; and 7. In Table Il Vo,

side, can only be consistently satisfied by a unique choice of oL » @ndJy are given for four values of the parametefor

the three parameters; the preshedgh the DL voltageVp, 287 Maxwell stress at both S|_des of the_ DL. For the gbO\_/e
and the electron beam currely, as given in Table I. Here a €aSe€s, the profiles of the electrical potential are sh(_)wn in Fig.
normalized Maxwell stress of 1 corresponds to a stress equét FOr the DL between two complex plasmas, a direct com-
to the pressure of the electrons from the void. This should b8&rison of our theory with the experiments allows us to de-
compared to the usual floating sheath in which the electrofiVe the Havnes parameter as shown below. To our knowl-
and the ion pressure act on the wall, giving a floating poten_edge, this is the on_Iy direct determ!natlon available so far. It
tial of 4.64T,/e in argon and the Bohm presheath. For the®@n be used to estimate the coupling parameter too. For the
above cases, the profiles of the electrical potential are shown

in Fig. 3. At zero Maxwell stress, a voltage of aboukT./e
will reduce to 20% of its value in about by. From V,
=0.577, we know that a presheath, slightly modified with

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

respect to the Bohm case, develops in the void. (ne/mi) ot o T
When two different complex plasmas are in contaat 1.0 1.007 0.577 0.049
localized difference of potential arises. Figure 1 shows a nar- 1.1 0.683 0.664 0.122
row “empty” space between the complex plasma with 1.2 0.443 0.896 0.296
smaller microparticlegnear to the voigdand the plasma with 1.3 0.276 2.31 0.701
larger particlegoutsidg. In a complex plasma, the ratio of 1.31 0.261 3.01 0.767

the ions to the free electrons is given by 1+ P, whereP
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FIG. 4 Potenti_al profiles for sevc_eral values of the ratio betv_veen FIG. 5. Potential profiles for several values of the current across
the density of the ions and the density of the electrons at the highety, o ouble layerhypothesis of zero Maxwell stress on the low-
potential plasma(hypothesis of zero current across the doublepotential plasma edge of the double layer
layen.

sents a net flow of ions from the upper plasma, this will

measurements of Fig. 1 the empty region between the tWiycrease the dc voltage difference. The double-layer theory
complex plasmas of different particle sizes is roughly twicepgyides information on the potential structure of the ob-

the intergrain distance of the “upper voltage” plasma, i.€.,served sharp interface between the void plasma and the com-
approxmately. twice the Debye Igngth. This is shown by theplex plasma. The complex-plasma surface, although ex-
curve a=1.2 in Fig. 4, from which we deduce a Havnes yemely porous, behaves almost like a wall with zero net
parameter of 0.2 in the upper plasma. Note that for DL lesg,rent passing through. Without the dominant effect of
thankTelg, some correction to the valye of Table Il aqd Fig. gravity, i.e., in a microgravity environment, the micropar-
4 to take in account the non-Maxwellian electrons might bejic|es arrange themselves around a void, where the ionization
needed. Instead in presence of a residual Maxwell stress Whainly occurs. Different complex plasmas will then self-
the “lower” plasma, the derived Havnes parameter would be&yrganize and arrange themselves in order of decreasing free-
correct because the stress would increase the DL voltage bifectron density. A modified equation for the DL between
not the thicknesgsee also Fig. B complex plasmas was derived taking into account the varia-

In a closed void, as in Fig. Ihe particle current across {jons in the electron density. This allows a determination of
the DLis zero. This condition may not hold for open voids or he Havnes parameter and the coupling strength.

for triple points i.e., the point of contact between three dif-

ferent plasmas or two plasmas and the sheath. In this latter The work presented here was supported by DLR under
case, the circulation of some current would help the matchGrant No. 50WM9852. The authors wish to acknowledge the
ing of the electrostatic potential in the three regions. Theexcellent support from the PKE teaiguoted in Ref[2]) and
profiles of the potential for five electron currents, zero stressthe agencies involved in making the PKE-Nefedov project
anda=1 are given in Fig. 5, and the relevant data in Tableinto a success; DLR, ROSAVIACOSMOS, TSUP, RKK-

I. Here the net particle current across the DL is normalized aEnergia, Kayser-Threde, ZPK, IPSTC, and the Russian Basic
in Eq. (4). To give a better idea of these quantities, the nor-Research Foundation. Discussions with Professor J. E. Allen
malized Bohm flux is 6.5 10 *. A positive current repre- are also acknowledged.
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