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Abstract
The PK-3 Plus laboratory on board the International Space Station is used to study the interaction
betweenmetallic spheres and a complex plasma.We show that themetallic spheres significantly affect
both the local plasma environment and themicroparticle dynamics. The spheres charge under the
influence of the plasma and repel themicroparticles, forming cavities surrounding the spheres. The
size of the cavity around a sphere is used to study the force balance acting onmicroparticles at the
cavity edge.We show that the ion drag force and pressure force fromothermicroparticles balances
with the electric force acting from the sphere towithin 20%. At intermediate distances from the sphere
surface, the interaction between themicroparticles and themetallic spheres is attractive due to the
drag force stemming from the ionswhich aremoving towards the highly charged spheres. The spheres
thus strongly affect the plasma fluxes. Thismodification of the plasma flux can lead to an effective
surface tension acting on themicroparticles, and to the excitation of dust-density waves near the
spheres, as the local electricfield crosses a threshold.

1. Introduction

Dusty plasmas are plasmas that containmicro- or nanometer sized grains in addition to neutral atoms/
molecules, ions, and electrons. They are ubiquitous and can, for instance, be found in space, in the atmosphere
of the Earth, and in the laboratory [1]. In astrophysics, the influence of the dust component on the charge
balance, dynamics, thermodynamics, and chemistry is crucial [1]. Furthermore, it has recently been realized that
charges of dust particles with sizes of submicron and up are important during the planet formation process
[2–4]. An ‘electrostatic barrier’ can hinder the dust growth [5]. Under certain conditions, the dust size
distribution becomes bimodal, so thatmicro- andmacrobodies interact [6]. In diffuse regions in the interstellar
medium, the degree of ionization ismuch higher than in protoplanetary disks, and plasma-mediated
interactions between polydisperse dust particles become important andmight lead, for instance, to the
formation of dusty clumps [7].

In this paper, we study a related subject: the interaction ofmetallic spheres of 1 mmdiameter with
microparticles immersed in a low temperature plasma undermicrogravity conditions. Low temperature
plasmas that containwell-definedmicroparticles under laboratory conditions are termed complex plasmas in
analogywith complexfluids [8, 9]. Themicroparticles collect ions and electrons from the plasma and acquire
high negative charges in our experiments, so that they interact via a screenedCoulomb potential. They can be
observed individually and thus enable observations on the kinetic level of diverse effects such as vortices,
tunneling, crystallization fronts, variouswave effects, and the onset of instabilities [10–18].

In ground experiments, gravity is one of the strongest forces acting onmicroparticles in a plasma, pulling
them towards the lower plasma sheath, where they are suspended by the sheath’s strong electric field. In this
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region, strong ionfluxes are present, which lead to effects such aswake formation [16, 19]. Thus, it is desirable to
perform experiments undermicrogravity conditions, when themicroparticles are suspended in themore
homogeneous plasma bulkwith aweak electric field [20]. In the present experiment,millimeter sizedmetallic
spheres were injected into the plasma togetherwith themicroparticles. On the ground, it is next to impossible to
study the interaction between chargedmicroparticles and spheres for an extended period, as the spheres
immediately drop to the ground.Microgravitymakes such an investigation possible.

In thefirst experiments on complex plasmas in Earth orbit, the cosmonauts Pavel Vinogradov andAnatoly
Soloviev shook an ampule containing chargedmicroparticles on board theMir space station in order to study
the particles’ trajectories [21].

Here we report on the last experiment of the PK-3 Plus laboratory on board the International Space Station
(ISS) [22–24]. The laboratorywas operated on the space station from2006–2013. Its heart consisted of a radio-
frequency plasma chamber with an electrode distance of 3 cm and electrodes of diameter 6 cm, surrounded by
grounded guard rings, see figure 1.Dispensersmounted in the guard rings werefilledwithmicroparticles of
various sizes andmetallic spheres of 1 mmdiameter. By shaking the dispensers,microparticles were injected
into the plasma. Typically, the spheres were held inside the dispensers by sieves. Then, large symmetric
microparticle clouds formed in the plasma bulk. Theweightlessmicroparticle clouds usually contain a central
particle-free region called ‘void’. Its formation is governed by the interplay between the ion drag and electric
forces acting on themicroparticles [20]. It is possible to change the ratio of these forces and thus close the void,
for instance by reducing the discharge power [25].

The PK-3 Plus Laboratory has been used to study a diverse range of topics by investigating themicroparticle
dynamics, for instance electrorheological plasmas [26], wave excitation [27], lane formation [28], instabilities
[29], phase transitions [30], turbulence [18, 31], andwave transmission across interfaces [32].

The goal of the experiment presented herewas to study, for the first time, the interaction between
macroscopic objects andmicroparticles immersed in a plasma inmicrogravity. By investigating gravitationally
and electricallyfloatingmacroscopic bodies as opposed tofixed probes or surfaces, we are able to use the natural
motion of themacrobodies through the complex plasma cloud and themicroparticles response to extract
information on the effect of the complex plasma on the spheres and vice versa. The long interaction timemade
possible bymicrogravity and the large charges acquired by the relatively big spheres intensify the observed
effects.

For the purpose of this experiment, the dispensers were shaken so rigorously that themetallic spheres of
1.00±0.01mmdiameter that were present inside the dispenser broke through the sieve and entered the argon
plasma together with the remainingmicroparticles. Steel spheres were selected because of their durability and
small sticking probability of surroundingmicroparticles. In afirst-order approximation, thematerial of the
spheres is unimportant for the interactions of the spheres with themicroparticles and the plasma—metallic,
dielectric and semiconductor spheres will all attainfloating potential when exposed to the plasma. Secondary
effects such as secondary electron emission depend on thematerial [33, 34], but are beyond the scope of the
present paper to take into account.

It was again cosmonaut Pavel Vinogradovwho performed the experiment, and, as in the very first
experiment on complex plasmas in Earth orbit, he shook the experimental container to impartmomentumon
the particles inside.While the effect of the shaking on themicroparticles wasminimal in PK-3 Plus because of

Figure 1. Sketch of the setup of the radio-frequency plasma chamber at the heart of the PK-3 Plus Laboratory. Adapted from [22]. ©
IOPPublishing Ltd andDeutsche PhysikalischeGesellschaft CCBY 3.0.
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the strong confinement, it was essential to impartmomentumon themetallic spheres, whichwere accelerated
when a chamberwall hit them.

The interaction of additional objects with complex plasmas has been studied regarding probes/wires
[35–40], projectilesmoving through the cloud [41–44], and 3D shaped substrates or perpendicular walls at
different potentials [45, 46].When the object is electricallyfloating or biased negatively,microparticle-free
regions (‘cavities’)with a sharp edge form around the object. In these cavities, the force balance is opposite to
that of the void: themicroparticles are repelled fromnegatively charged objects, and ion drag pushes
microparticles towards the objects, whereas the void is formed because ions push themicroparticles outwards
and the discharge electric field inwards. There can also bemicroparticle circulation induced by the objects
[35, 47]. Samsonov et al [37] found that near particles are repelled, as close to the object the electric repulsion
prevails, and far particles are attracted as they follow the ion drag. Usachev et al [48] experimentally studied a
cluster of smallermicroparticles bound to a larger one. The observed attractive force could be caused by the
plasmaflux onto the central particle [48] or ion shadow effects [49].

2.Motion ofmetallic spheres

Themetallic spheres were set intomotion relative to the plasma chamber by the cosmonaut shaking the
experimental container. The spheres gainedmomentumwhen they hit a sidewall of the plasma chamber, where
theywere also reflected. Themovie spheres_reflection.avi in the supplementarymaterials available online at
stacks.iop.org/NJP/19/103019/mmedia shows reflections and spheresmoving through the complex plasma.
The spheremotionwas not visibly influenced by the plasma or themicroparticles.

Themicroparticles were only visible when theywere in the plane formed by the laser sheet illuminating
them. This laser sheet had a full width at halfmaximumof approximately 80 μmat the focal axis [29]. The
spheres reflectedmuchmore light than themicroparticles due to their larger size. Therefore, theywere visible
even outside the laser plane, with a depth offield of approximately 8 mm.Whether theywere located in front or
behind the laser plane can be deduced from two facts: (1)when theywere located behind the plane, their image
was superposedwith images ofmicroparticles. (2)When the spheres were located behind the plane, the side that
was not directly illuminated by the laser (the right side in the images recorded by the cameras) appears brighter
thanwhen theywere located in front of the plane. This is due to the fact that the spheres reflectedmore light
towards the camerawhen located behind the laser plane.

Using themotion of themetallic spheres through the laser plane and the fact that the diameter of the spheres
is known andmuch larger than thewidth of the laser plane, it is possible to estimate their velocity in direction
perpendicular to the plane, vz. Assuming that this velocity does not change during the time interval that the
spheres interact with themicroparticles and in the absence of external shaking allows estimating the sphere’s
position in three dimensions. Next, we shall discuss the validity of that assumption.

2.1. Forces acting on the spheres
The parameters of the spheresmoving through the chamber are given in table 1. In the experiments presented
here, the spheresmove at velocities ranging from6 to 50 mm s−1. They are relatively large andmassive, with a
mass pr= = ´ -m R4 3 4.1 10 kgs s

3 6 , wherewe used a radius of =R 0.5 mm and the density of steel,
r = -7850 kg ms

3. Themetallic spheres are thus 1–1000million timesmoremassive than themicroparticles in
the plasma.

This largemassmeans that stopping the sphere from a velocity of vs=30 mm s−1 during a time ofD =t 1 s
would require a force = D =F m v t 120 nNs s s .

Table 1.Experimental particulars for the experiments presented below: (1) simple
interaction, (2) bubbles, (3) repulsive attraction, and (4) excitingwaves. The gas pressure p,
velocity of the sphere vs, Knudsen numberKn, Reynolds numberRe, and drag force Fd

calculatedwith (1) are given. In the ‘excitingwaves’ experiment (4), amicroparticlemixture
of diameters 1.55, 2.55, 3.42, 6.8, and 9.19 μmwas present, and in all others amixture of 3.42,
6.8, 9.2, and 14.9 μm.Allmicroparticles except for the 1.55 μmsilica particles were
composed ofmelamine formaldehydewith a density of r = -1510 kg md

3. The table lists the
size(s) dd of thosemicroparticles that aremainly interacting with the sphere during the given
experiment.

Exp. p (Pa) vs (mm s−1) Kn Re -( )10 4 Fd (nN) dd (μm)

(1) 30.0 26.2±1.2 0.5 5.5 3.5±0.3 6.8

(2) 29.0 34.3±1.1 0.5 6.9 4.6±0.3 3.4

(3) 29.3 50.8±12.5 0.5 10.4 7±2 3.4

(4) 15.5 6.0±1.3 0.9 0.65 0.6±0.2 3.4/6.8
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2.1.1.Microacceleration forces
Even though the ISS is in free fall, air drag, tidal forces, etc lead to low frequencymicroaccelerations, and
vibrations frompayload and vehicle systems cause high frequency accelerations [53]. Non-negligible quasi
steady-state accelerations would lead to a bending of theflight path of the spheres in the plasma chamber. These
microaccelerations aremeasured by theMAMS sensor in theUS lab ‘Destiny’ [50]. The data are available for
download at the Principle InvestigatorMicrogravity Services website [54].

For the time interval when the present experiment was carried out, themagnitude of the quasi-steady state
accelerationwas m<1.0 g except for two counts, where g is the gravitational acceleration at the Earth’s surface,
see figure 2. The PK-3 Plus Laboratorywas hosted in the Russian segment of the ISS. The extrapolation of the
accelerationmeasurement to other segments is non-trivial and depends on the currentmotion of the ISS [55].
Measurements [55] have shown that aworst case estimate for themagnitude of themicroaccelerations in the
Russian segment (barring unusual events) is given by thatmeasured byMAMSmultipliedwith the factor 100;
usually, themicroaccelerations were comparable inmagnitude in both segments.

Let us assume, as upper limit, an acceleration of m=a 100 g at the location of the PK-3 Plus Laboratory.
This results in an effective gravitational force of = =F m a 4.0 nNg,eff s , which is two orders ofmagnitude
smaller than the stopping force Fs= 120 nN, and thus negligible during the short observation time.
Correspondingly, we do not observe any bending of the flight trajectories of the spheres.

2.1.2. Drag force
The interaction of spheres immersed in a gas is governed by two dimensionless numbers, the Knudsen number
Kn and theReynolds number Re. TheKnudsen number is defined as l=Kn Rmfp , where lmfp is themean free
path of the neutral atoms and =R 0.5 mm is the sphere’s radius. In the experiments presented here,
l = 0.25mfp –0.47 mm [56, 57], whichmeans that Kn=0.5 to 0.9. This puts the experiments in the transitional
regime between the free-molecular ( Kn 1) and continuum ( Kn 1) regimes.

The Reynolds number is the ratio of inertial to viscous force. It is given by r m=Re R v2 s , with ρ denoting
themass density of the gas, vs the relative velocity between the gas and the sphere, andμ the gas dynamic
viscosity. The dynamic viscosity of argon is m = ´ - - -2.3 10 kg m s5 1 1 at a gas temperature of =T 300 K
[56–58]. In the experiments presented here, Re varies from ´ -6.5 10 5 to ´ -1.0 10 3. Table 1 gives an overview
of the experimental particulars.

In the viscous limit of lowReynolds numbers, the drag force Fd acting on a sphere is given by Stoke’s law [59].
When themean free path of the gas atoms is comparable to or larger than the sphere size, l Rmfp , the
Cunningham slip factor = +( ) ·C Kn A Kn1 , with a correction parameterA, takes into account slip at the
sphere surface [60]. This results in a drag force

pm= - ( ) ( )F Rv C Kn6 . 1d

Figure 2.Quasi-steady state accelerationmeasurements during the time of the experiment presented in this article. The
microacceleration wasmeasured every 16 swith theMAMS sensor in theUS labDestiny [50]. The coordinate system is left-handed
cartesian. The x direction is oriented along the longitudinal axis of theDestinymodule towards the forward direction of the space
station, the y direction is down (towards Earth/nadir) at orbital noon, and the z axis completes the coordinate system and is positive in
port direction [50–52]. Themean values and their standard deviations are má ñ = a 0.1 0.3 gx , má ñ = - a 0.3 0.2 gy , and

má ñ = - a 0.2 0.3 gz .
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The correction parameterA is typically expressed as a functional form [61]

a b g= + -( ) ( )A Knexp , 2

where a b, and γ are experimentallymeasured constants called ‘slip parameters’. To the best of our knowledge,
the slip parameters for the transitional regime are not precisely known for gases other than air. It was estimated
that the following parameters approximate the parameters in the transition regime in several gases, including
argon, towithin 5% [57, 62]:

a b g= = = ( )1.142, 0.558, 0.999. 3

These values of the slip parameters were firstmeasuredwith aMillikan apparatus by Allen andRaabe [63].
The resulting forces Fd are given in table 1 and are of the order of some nNor less. Thismakes them at least

one to two orders ofmagnitude smaller than the stopping force Fs estimated above. Thus, during the time
intervals that we observe the interactionwith themicroparticles, the drag force acting on the spheres can be
neglected.

2.1.3.Magnus force
Whilemoving through the gas, the spheres are slowly spinning. The interaction between spinning sphere and
background gas can give rise to a force in transverse direction to the sphere’smotion, theMagnus force FM [64].

At small Reynolds numbers Re 1, FM is given by [65, 66]

 wp= + ´[ ( )] ( )F vRe R m n1 , 4M
3

wherem is themass of the gas atoms, and( )Re is a correction of the order of the Reynolds number. For the
‘excitingwaves’ experiment given in table 1we estimate an angular velocity of 10 rad s−1 by observing the
rotation ofmicroparticles stuck to the sphere’s surface. This results in a force of = ´ -F 6 10 nNM

6 , which is
negligible compared to the drag and stopping forces. Correspondingly, we do not observe any spheres that are
notmoving in straight lines.

2.1.4. Electric forces
All objects immersed in a plasma collect charges. A rule of thumb, based on orbitmotion limited (OML) theory
[67], gives the charge as

» » ´ ( )Q e T a1400 1.8 10 , 5e
6

where T 2.5 eVe is the electron temperature in eV, and a is the object radius inmicrometers [29]. This rule-of-
thumbdoes not take into account ion-neutral collisions [68, 69] or electron depletion effects [70, 71], and can
thus be regarded only as a rough estimate.

In order to obtain an upper limit on the electric force acting on the spheres, we calculate the electric field
close to the plasma sheath by using the facts that (i) the plasma electric fields undermicrogravity and under
gravity conditions are the same, and (ii) themicroparticles can serve as tracers of the electric field [72]. Under
gravity conditions,microparticles are levitated by the sheath electric field. Thus, themagnitude of the electric
field E is given by the balance equation (g= 9.81m s−2)

= ( )m g q E. 6d d

Using typical parameters such as those given in table 2 for experiment (1) results in

= = - ( )E m g q 1400 V m . 7d d
1

The strength of the sheath electric field does not change inmicrogravity. Thus, we use thismagnitude ofE to
calculate an upper limit of the electric force on the sphere in the plasma bulk as

= = ( )F Q E 0.4 nN, 8E s

which is comparable to Fd respectively one order smaller, depending on the parameters. Of course, the strength
of the time-averaged electric field increases strongly towards the electrodes.We do, however, not observe a
significant deceleration of the spheres before they reach the electrodes, and the spheremovement deep inside the
sheath is not relevant for their interactionwith themicroparticles in any case.

While the sphere ismoving through themicroparticle cloud, it interacts with themicroparticles, which are
also charged negatively. Thus, there is an additional force exerted on the sphere due to dissipation in the
surroundingmicroparticle fluid. This additional drag force consists of two parts, an additional contribution to
the neutral drag force associatedwith the neutral gas friction of the surroundingmicroparticles (the friction-
dominated additional drag), and the viscous disspation in themicroparticle fluid (the viscosity-dominated
additional drag). Ivlev andZhukhovitskii [73] give the following expression for the additional force on a
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projectilemoving in a complex plasma that induces a subsonicmicroparticle flow4

ph= -
+ + +

+

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

˜ ˜ ˜

˜
( )F R v

R R R

R
4

1

1
, 9add eff s

1

6

2 1

18

3

1

3

where η is the dynamic shear viscosity of themicroparticle fluid, Reff is the effective projectile radius given by the
size of the surrounding cavity in themicroparticle cloud, vs is the projectile velocity, and =R̃ R Leff fr with the
friction length h rg=Lfr Ep . Themass density of themicroparticle fluid is denoted by ρ, and the

microparticles’ friction ratewith the background gas by gEp. Using a kinematic viscosity n h r= - 5 mm s2 1

[74], a damping rate of g - 55 sEp
1 [75, 76], and an effective projectile size of =R 3.3 mmeff , which

corresponds to experiment (1) in table 1, results in a friction length of L 0.3 mmfr and a parameter R̃ 11.
This gives an additional force

 ( )F 0.31 nN. 10add

This additional force on the spheres caused by the interactionwith themicroparticles is one order ofmagnitude
smaller than the drag force exerted by the neutral gas, andmany orders ofmagnitude smaller than the force
required to decelerate the sphere in the space between the top and bottom electrodes.

3. Simple interactionwithmicroparticles

Nextwe shall consider the forces acting on themicroparticles. Table 2 gives the plasma andmicroparticle
parameters for the four experiments we discuss below. Themicroparticles are strongly influenced by the
spheres. This can be seen infigure 3, where ametallic sphere ismoving through the laser plane (see also the
movie spheres_interaction.avi in the supplementarymaterial). The sphere casts a long shadowon the
microparticle cloud (visible asmissingmicroparticles in the image). Themicroparticles are repelled by the
sphere, as the sphere surface is charged negatively like all surfaces in contact with a the plasma.

Figure 4 shows themovement of a sphere and the size of the cavity it produces in themicroparticle cloud.
Themovie spheres_cavity.avi in the supplementarymaterial shows a three-dimensional rotation of thefigure.
The cavity shapewasmeasured in the followingway: in the original image, for each pixel we determinedwhether
therewere pixels with a high brightness in the surrounding area. Contours were plotted around areas with no
bright pixels.Wefitted an ellipse [80] to the union of all contours within a cutoff distance from the void center.
Figure 4 shows all ellipses in the laser plane as a function of time. The time axis can also be regarded to represent
the zdirection (perpendicular to the laser plane) in a tomographicmanner.

Then, it is possible to estimate the size of the cavity along the sphere trajectory (shown in gray infigure 4).We
estimate the distances to the cavity edges by turning the plot shown infigure 4 to a top view andmeasuring the
distances along and perpendicular to the sphere path.We get a distance rl to the leading edge of the cavity of
=r 3.0 mml , a distance rt to the trailing edge of rt=3.5 mm, and a distance rf=1.8 mm to the cavity flank/

Table 2.Microparticle and plasma parameters for the experiments presented below: (1) simple interaction, (2)
bubbles, (3) repulsive attraction, and (4) exciting waves. The gas pressure p, effective voltageUeff , electron
density ne estimatedwith the scaling parameters in [29], microparticle size dd , microparticle density nd, and
microparticle charge qd estimatedwith the driftmotion limited theory (DML) [11]a . Also given are theHavnes
parameter =H q n end d e [77], and themicroparticle speed of sound cd. The plasma powerwas 480 mWfor all
experiments.

Exp. p Ueff ne dd nd qd H cd

(Pa) (V) (m−3) (μm) (m−3) (e) (mm s−1)

(1) 30.0 14.0 ´5 1014 6.8 ´1 1010b 11 000 0.2 5.8

(2) 29.0 13.9 ´5 1014 3.4 ´6 1010b 5200 0.6 16.0

(3) 29.3 14.0 ´5 1014 3.4 ´4 1010b 5400 0.4 14.0

(4) 15.5 14.7 ´3 1014 3.4 ´30 1010c 3600 3.6 19.0

6.8 ´20 1010c 6600 4.4 9.3

a Other theories to estimate the charge are themodified orbitalmotion limited theory (mOML) [78], and the
orbitalmotion limited theory (OML) [67, 79].We only give the charge resulting fromDML, as all theories

result in approximately the same charge for <H 1. For >H 1, OML is not applicable due to strong electron

depletion, while DML andmOML still give about the same charge.
b Calculated from the position of thefirst peak of the radial pair correlation function.
c Estimated from the interparticle distance determined by the areal number density.

4
Please note that the spheresmovewith supersonic velocity in some experiments.
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side. Thismeans that the cavity surrounding the sphere is deformed, which is typical for large and fast projectiles
moving through a complex plasma [81].

The inset infigure 4 shows the diameter of the cavity in the laser plane as a function of time. The time =t 0 s
corresponds to themoment when the shadow cast on themicroparticle cloud is at itsmaximum size. After

Figure 3. (a)Negative of a superposition of three experimental snapshots (field of view: 35×10 mm2, 40 ms time interval, exp. (1) in
table 2) showing ametallic spheremoving in a complex plasma (frombottom left to top right, away from the camera). The sphere is
traveling through the laser plane and casts a long shadow on themicroparticle cloud (long stripe to the right of the sphere). The
microparticles (small dark dots) around the sphere are displaced, forming a cavity in the complex plasma cloud, surrounded by a
vortex of particlesmoving out of theway. A part of the void is visible in the top right. (b)Velocity vectors of a subsample of all traced
particles corresponding to themiddle frame of the three superposed images in (a). The color of the vectors indicates their direction.
Themovement of the particles around the sphere (gray circle) is well visible. The position of the cavity is indicated as dashed circle.

Figure 4.Movement of the sphere shown infigure 3 and size of cavity surrounding the sphere. The z position of the sphere is estimated
using the assumption that the z-component of its velocity is constant. The sphere trajectory, plotted in gray, forms an angle of
approximately 40°with the laser (x, y) plane. The position of the sphere at =t 0 s, when the shadow it casts on themicroparticle cloud
ismaximal, is indicated as gray ball with 1 mmdiameter. The cavity is deformed at larger zpositions/later times due to delayed
closure. (Inset)Diameter d of the cavity projection on the laser plane as a function of time.

7
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having reached itsmaximum size, the cavity radius shrinks at a rate of approximately vp=11 mm s−1. Taking
into account the angle a = 40 of the trajectory with the laser plane, we calculate the real particle velocity at the
cavity edge as a= = -·v vsin 7.1 mm sr p

1, which is comparable with the speed of sound given in table 2,
cd=5.8 mm s−1.

Next, we investigate the force balance acting on themicroparticles on the cavity edges, as in [38, 40], see
figure 5. First, let us consider themicroparticles shown asfilled black circles above and below the sphere in the
sketch infigure 5. They are located at the flank of the cavity, with a distance of =r 1.8 mmf from the sphere
center.We assume that themicroparticle velocity at the side positions is negligible, »v 0d , and thus there is no
drag force frommovement relative to the neutral gas.

Then, the force balance for amicroparticle withmass md is (seefigure 5)

= + + =( ) ( )v
F E Fm

t
q r

d

d
0. 11d

d
p d i

Fp is the pressure force exerted by themicroparticle cloud. Itsmagnitude is given by

lD
+

D l-D ⎜ ⎟⎛
⎝

⎞
⎠ ( )F k

q
4 1 e 62 fN, 12p e

d
2

2

where = ´ -k 8.99 10 N m Ce
9 2 2 is Coulomb’s constant, mD = 270 m is the interparticle distance, and

l l m= = 54 mi the ion screening length.We assume that themicroparticle interacts with four nearest
neighbors.

The sphere charge = ´Q e1.8 10s
6 was estimated in section 2.1.4with a rule-of-thumb. The electric field

it produces is screened inside the cavity with the screening lengthλ. The electricfield strength at position r is
given by the derivative of the Yukawa potential [106],

l
= +l- ⎜ ⎟⎛

⎝
⎞
⎠( ) ( )E r k

Q

r

r
e 1 , 13r

e
s

2

where Qs is the sphere charge, r is the distance from the sphere center. The screening length in low temperature
plasmas is typically close to the ionDebye length, l l m~ = 54 mi , which is also the screening lengthwe used in
calculating the pressure force (12). The ions are strongly accelerated towards the charged sphere. Approximately
at a distance of =r 1.1 mm from the sphere, the ion velocity becomes larger than their thermal velocity. Under
those conditions, the effective screening length approaches the electronDebye length le = 530 μm [82].
Therefore, we use le as screening lengthλ inside the cavity. The electric field strength at position
= =r r 1.8 mmf is

= -( ) ( )E r 120 V m , 14f
1

resulting in an electric force

=( ) ( )q E r 210 fN, 15d f

using themicroparticle charge =q e11 000d given in table 2. For the ion drag force Fi, we use the expression
given byKhrapak et al [82], which gives Fi for a singlemicroparticle in a collisionlessMaxwellian plasma for an
arbitrary ion velocity as

Figure 5. Sketch showing the forces acting on amicroparticle at the edges of the cavity. The sphere with charge Qs ismoving towards
the left with velocity vs. The distance from the sphere center to the leading cavity edge is r1, that to the trailing edge rt, and that to the
flank rf . Exemplarymicroparticles with charges qd are shown asfilled black circles. Themicroparticles are under the action of the
sphere’s electricfieldE and the pressure force Fp by the othermicroparticles in the cloud, indicated as dashed semicircles. The light
gray circles indicate ionswhich are attracted to the negatively charged sphere, exerting an ion drag force on themicroparticles.
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where rd is themicroparticle radius, ni and mi the ion number density andmass, and p=v k T m8Ti B i i the ion
thermal velocity. The ion speed, normalized by the ion thermal velocity, is denoted by u. The dimensionless
microparticle charge is given by p= ∣ ∣ ( )z q e r k T4d 0 d B e , and the ratio of the electron to the ion temperature by
t = T Te i. TheCoulomb logarithm is given by

b
b l

L =
+

+

⎡
⎣⎢

⎤
⎦⎥( )

( )
r

ln ln
1

, 17
d eff

with b p l= +∣ ∣ ( ( ) )q e k T u4 1d 0 B i
2

eff and the effective screening
length l l l= + +- - - -( ) [ ( ) ]u u1eff i

2 2 1
e

2 1 2.
The ion velocity can be calculated as a function of the electric field strength Eusing the ionmobility mi,
m=v Ei i .We use the approximation [83]

m
m

a= +
-⎡

⎣⎢
⎤
⎦⎥( ) ( )E

p

E

p
1 , 18i

0
1 2

with m a= =- - -19.5 m Pa V s , 0.035 m Pa V0
2 1 1 1 for argon ions in argon gas and the gas pressure p in pascal.

For the electric field calculated above, = -E 120 V m 1, this results in an ion velocity of = -v 73 m si
1, directed

towards the sphere. Using the parameters above, a plasma density = = ´ -n n 5 10 mi e
14 3, and temperatures

=T 300 Ki and =T 2.5 eVe results in a drag force of

=( ) ( )F r 110 fN, 19i f

directed towards the sphere.
Thus, the force balance + =( ) (F r F q E ri f p d f ) holds within 20%. The calculated electric force at the cavity

edge is larger than the sumof the ion drag and pressure forces. In order to improve the calculation, the exact
variation of the screening length inside the cavity as a function of positionmight be obtained, and the electric
field corrected correspondingly. Also, the charge of themicroparticles and of the spherewas approximated, a
more precise determinationwould also improve the accuracy of the force balance. Finally, the uncertainty stems
partly from a global ion flow from the center of the plasma chamber to its walls. This flowmakes the cavity
somewhat asymmetric, see figure 4. In general, a self-consistent simulation of the plasma,microparticles and
sphere, including plasma fluxes and charging processes, would shed light on the processes and eventualmissing
physics, but is beyond the scope of the present paper.

While the cavity is held open by the repulsion from the sphere, its size is determined primarily by the balance
between electric force and ion drag force. Once the sphere has left, both ion drag and electric force vanish, and
the pressure force Fp closes the cavity. As Fp is smaller than the other forces, the closure of the cavity is slower
than the opening. This explains the cavity deformation visible infigure 4.

Next, we assume that themicroparticles at the leading edge of the cavity directly in the sphere’s path are
displacedwith the sphere velocity =v 26.2 mms s−1. The lengths of the tracks of those particles support that
assumption. The force balance at the leading edge rl is (seefigure 5):

= + + + ( ) ( )v
F F F Em

t
q r

d

d
, 20d

d
Ep p i d l

where the drag force exerted by the neutral gas on themicroparticle is denoted by FEp, and vm td dd d is the
deceleration acting on themicroparticle. Themagnitude of the drag force is

g=  ( )F m v 360 fN, 21Ep d Ep s

with themicroparticlemass = ´ -m 2.5 10 kgd
13 and the Epstein drag coefficient [76, 84]

g
r

= = - ( )n m v

r
1.48 55 s , 22Ep

n n th

d d

1

using the number density nn, atommass mn and thermal velocity vth for argon at a temperature of 300 K, and the
parameters given in table 2, experiment (1). The electric field strength = -( )E r 6.7 V ml

1 results in
=( )q E r 12 fNd l and =F 5.9 fNi .

Using themagnitudes of Fp and those given abovewe can calculate the distance d over which the
microparticle decelerate:
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+ + - = =
á ñ

~∣ ∣ ( )F F F q E m
v

t

m v v

d

m v

d

d

d 2
. 23Ep i p d d

d d s d d s
2

Solving for d gives m=d 210 m, which is comparable with the interparticle distance mD = 270 m measured by
using thefirst peak in the radial pair correlation function g(r), see table 2.

4. Evidence ofmodified ionflux

It is well known thatmicroparticles, being charged, willmodify ion fluxes, bending the ion stream lines and
creating space charges in the downstream regions [19, 85–88]. The effect of the highly charged spheres on the ion
flux is expected to bemore pronounced. Next, we shall highlight some experimental evidence of themodified
ionflux.

4.1.Metallic sphere generated bubbles
Figure 6 and themovie spheres_bubble.avi in the supplementarymaterial shows ametallic spheremoving from
top to bottomwith velocity of = -v 30 mm sy

1 through themicroparticle cloud composed of particles of 3.4 μm
diameter in an argon plasma at a pressure of 29 Pa. The sphere also has a velocity component in the direction
perpendicular to the laser plane (out of the paper plane) of approximately = -v 17 mm sz

1. Note that, even
before themetallic sphere influences themicroparticles in the laser plane ( = )t 0 s , there is a region of enhanced
microparticle density around the void. This ‘cusp’ is commonly observed in complex plasmas under
microgravity conditions [25, 89] andmight be explainedwith dust invariants [89] or a change in the direction of
the ionflow [90]. At = –t 40 80 ms, when themetallic sphere approaches the void edge downwards from inside
the cloud, it pushes the cusp into the void, forming a bubble in themicroparticle fluid, comparefigure 6. This
bubble resembles well the ‘secondary void’ observed byKlindworth et al [91] forming around a negatively biased
Langmuir probe inside amicroparticle void during a parabolic flight. The bubble reminds visually of bubbles
observed in themicroparticle cloud near the void under the influence of thermophoresis [92]. Then, their
formationwas attributed to aflux of the neutral gas induced by the temperature gradient and to an effective
surface tension caused by ions streaming to themicroparticle bubble [92, 93].

Note also that themicroparticles in the cusp region of the bubble are not simply pushed into the void.
Instead, theymove inside the bubble wall back towards themainmicroparticle cloud, gradually thinning the
bubble out. It can reasonably be interpreted to indicate the presence of an effective surface tension, as in [92].
This effective surface tension is caused by ion drag acting on themicroparticles at intermediate distances. The
force balance is as found in [37]—at small distances, themicroparticles are repelled, at large distances, attracted
by themetallic sphere due to the interplay of electric and ion drag forces.

In [92], the effective surface tensionα of the bubbles was estimated as the totalmassM of allmicroparticles
moved during the breakup of the bubble in time t a t M, 2. Here, we can estimateM from the change in the
width of the bubble wall in time τ, assuming that themicroparticle density in the cusp is about twice that in the
mainmicroparticle cloud, as determined in [89]. This results in an effective surface tension
a » ´ - -4 10 kg s11 2, which is about 1/2 to 1/3 of that determined in [92] for the samemicroparticle size and a
gas pressure of only 18 Pa compared to 30 Pa in the present experiment. Note that this value ismany orders of

Figure 6.Negative of images with afield of view of 6.5×8.5 mm2 showing a spheremoving from top to bottom through the void. A
bubble around the sphere forms, andmicroparticles are displaced into the void.Once the sphere has left the vicinity of the void edge,
the bubble loses cohesion, and themicroparticles slowlymove back towards the void edge.
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magnitude smaller than that predicted in [94]where the effective surface tension caused by ionwakes was
calculated.

After the sphere has left the vicinity of the bubble, the bubble loses cohesion, and themicroparticles start to
slowly drift back to themain cloud. This shows that once there is nomore ion flux towards a sphere in the laser
plane, the effective surface tension vanishes, and the ions follow the ordinary force field inside the void [95].

4.2. Repulsive attraction
Let us test the hypothesis of an attractive interaction at intermediate distances from themetallic spheres by
considering a sphere traveling inside the void, initially far from the cloud edge.When the sphere approaches the
microparticles, we expect them tofirstmove towards the sphere and then be repelled at small distances.We term
this behavior ‘repulsive attraction’, as the sphere and themicroparticles all are charged negatively and normally
have to repel each other. Repulsive attraction between like-charged particles in a complex plasma has been
observed before, for instance in the case of droplet formation [92] and boundary-free clusters [48].

Figure 7 and themovie spheres_attraction.avi in the supplementarymaterial show exactly this expected
behavior: ametallic spheremoves inside the void along the cloud edge.When it gets close to the edge, the
microparticlesmove towards and around it, forming a bubble inside the void.

The counter-intuitive repulsive attraction is due to the change in the electric potential and ion flux caused by
themetallic sphere. The position of the void edge is determined by a balance of the ion drag force, directed
outwards, and the electric force, directed inwards.When the strongly charged sphere approaches the void edge,
it changes the balance of forces, leading to a newmicroparticle equilibriumposition. After the sphere has left the
vicinity, themicroparticle bubble again loses cohesion, as discussion in section 4.1, and themicroparticles slowly
drift back to themain cloud.

4.3. Excitingwaves
Dust-density waves (DDWs) are spontaneously excited in complex plasmas by an ion-microparticle streaming
instability [72, 96, 97]. They typically follow the local ion flux, but can alsomove obliquely [98]. They are
strongly influenced by objects in the cloud, for instance, Choudhary et al [99] found that afloating rod in aDC
glowdischargemodifies the local electricfield, which in turn alters the ionflow and thus the direction ofDAWs
—in the presence of the rod, thewaves propagate obliquely, andKim et al [100] observed a similar distortion of
wave ridgesflowing around a glass rod inDC glowdischarge, which they explained in terms of diffraction of
waves around an obstacle.

Dust waves are excitedwhen themicroparticle density is high enough, the gas pressure low enough and the
local electric field large enough to accelerate the ions above a threshold streaming velocity. This condition can be
expressed in terms of the local electric field [72] or in terms of the position of the dust cloudwith respect to the
sheath [101]. An approximation for the critical electric field forwave excitation is [102]

Figure 7.Ametallic sphere ismoving inside the void of a complex plasma cloud. The original images with a field of view of
´11.9 7.2 mm2 were inverted, and the contrast was adjusted. The sphere ismoving simultaneously from right to left and

perpendicular to thefield of view.When it approaches the void boundary ( =t 80 ms), the particles in the complex plasma cloud
move towards the sphere, forming a bubble around it ( =t 120 ms). The sphere crosses the laser plane at =t 160 ms (its image is
overexposed). After the sphere has left the laser plane, the bubble loses cohesion, and themicroparticles slowly fall back towards the
main cloud. See the supplementarymaterial for amovie.
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g
= ( )E

c

k T

e
, 24cr

Ep

d

B i

where gEp is the gas damping rate, cd themicroparticles’ speed of sound,Ti is the ion temperature, kB is
Boltzmann’s constant, and e the elementary charge.

In the present experiment, DDWswere excited by the spheres in a region of themicroparticle cloudwhere
conditions are close to the excitation threshold. Figure 8 shows a spheremoving through a complex plasma in
argon at a pressure of 15.5 Pa and an effective voltage of 14.7 V. The complex plasmawas formed of amixture of
particles of sizes between 1.55 and 9.19 μm,which arrange around the void ordered by size (smaller particles are
located closer to the void). The sphere ismainly interactingwith particles of sizes 3.4 and 6.8 μm.The
microparticles at the left side of the plasma are undergoing self-excitedwaves. The sphere approaches the active
region from the right and frombehind,moving in a part of the cloud that is not undergoingwave activity
( = –t 0.0 0.4 s). In the vicinity of the active region ( =t 0.8 s), waves appear once the sphere gets close. This is
expected behavior, as the strong electric field of themetallic sphere will accelerate ions in addition to the
chamber’s background electric field. Thewave ridges also get visible bent towards the sphere ( = –t 1.2 2.0 s),
indicating the direction of the ion flow that is bent around the sphere. The correspondingmovie is available in
the supplementarymaterial (spheres_waves.avi).

Under these conditions, the critical field (24) is
- ( )E 80 V m , 25cr

1

for both particle sizes ( m g= = =- -r c1.7 m, 19 mm s , 57 sd d
1

Ep
1 resp. m= = -r c3.4 m, 9.3 mm sd d

1, and

g = -29 sEp
1, compare table 2). In the vicinity of the active region, the discharge electric field is already almost

strong enough to reach the critical electric field.When the sphere approaches, its electric field is added to the
discharge field, and the totalfieldmagnitude then crosses the threshold.

In comparison, for the experiments with pressures p 30 Pa discussed in sections 3, 4.1, and 4.2, the
critical electric field is = -–E 180 250 V mcr

1, which is larger than the sumof the sphere and discharge electric
fields. Correspondingly, themicroparticle clouds in those experiments were not undergoingwave activity.

5. Summary

Wepresented thefirst experiments on the interaction between a complex plasma andmetallic spheres of 1 mm
diameter undermicrogravity conditions. The spheres were set intomotionwhen the experimental container
was shaken and they hit the chamberwalls.While themicroparticles were trapped in the plasma, themotion of
the sphereswas almost force-free: the drag forces,microaccelerations and electric forces acting on the spheres
were negligible during the interaction timewith themicroparticles.

The influence of the spheres on themicroparticles and the local plasma environment was profound. The
spheres acquired high electric charges of the order of 1.8×106 e andwere surrounded bymicroparticle-free

Figure 8.Experimental images showing ametallic sphere thatmoves through a complex plasma cloudwith self-excitedwaves. The
original images with a field of view of ´16 9 mm2 were inverted. First, the sphere is located outside the laser plane illuminating the
microparticles.When it approaches the plane ( =t 0.8 s), it induces waves in a region of the plasma cloud that was previously
quiescent. As the spheremoves into the laser plane, it repels themicroparticles, so that a cavity forms around the sphere. Thewave
ridges become visibly bent near the cavity surface. The sphere reaches the center of the laser plane at =t 2 s, where it casts an extended
horizontal shadow. At that time, thewave ridges orient perpendicular to the cavity surface. See the supplementarymaterial for a
movie.
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cavities with diameters of a fewmillimeters. The position of the cavity edge is determined by an interplay of the
electric, pressure and ion drag forces, as well as inertia and neutral drag force if themicroparticles aremoving.
For stationarymicroparticles at the cavity edge, the force balance between the electric force, ion drag force and
pressure force fromothermicroparticles holds towithin 20%, using the electronDebye length as screening
length inside the cavity, and neglecting the global ion flux.We showed that the spheres strongly influenced the
ionmotion, leading to an effective attraction ofmicroparticles to the spheres at intermediate distances, to an
effective surface tension a ~ ´ - -4 10 kg s11 2, and to the excitation of dust density waves by increasing the
local electric field strength above the thresholdfield necessary to trigger thewaves (Ecr=80–250 Vm−1 under
the conditions of the given experiments).

We covered a range of pressures and interaction scenarios in the experiments presented here. In the future,
we plan amore detailed and thorough investigation of interaction effects such as wave excitation. Experiments
under gravity conditionswhere spheres are dropped through a complex plasma cloud [103–105] could
complement the study presented here andwould allow comparing the effects of spheresmade of various
materials.
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