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Abstract

The PK-3 Plus laboratory on board the International Space Station is used to study the interaction
between metallic spheres and a complex plasma. We show that the metallic spheres significantly affect
both the local plasma environment and the microparticle dynamics. The spheres charge under the
influence of the plasma and repel the microparticles, forming cavities surrounding the spheres. The
size of the cavity around a sphere is used to study the force balance acting on microparticles at the
cavity edge. We show that the ion drag force and pressure force from other microparticles balances
with the electric force acting from the sphere to within 20%. At intermediate distances from the sphere
surface, the interaction between the microparticles and the metallic spheres is attractive due to the
drag force stemming from the ions which are moving towards the highly charged spheres. The spheres
thus strongly affect the plasma fluxes. This modification of the plasma flux can lead to an effective
surface tension acting on the microparticles, and to the excitation of dust-density waves near the
spheres, as the local electric field crosses a threshold.

1. Introduction

Dusty plasmas are plasmas that contain micro- 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 that micro- and macrobodies interact [6]. In diffuse regions in the interstellar
medium, the degree of ionization is much higher than in protoplanetary disks, and plasma-mediated
interactions between polydisperse dust particles become important and might lead, for instance, to the
formation of dusty clumps [7].

In this paper, we study a related subject: the interaction of metallic spheres of 1 mm diameter with
microparticles immersed in alow temperature plasma under microgravity conditions. Low temperature
plasmas that contain well-defined microparticles under laboratory conditions are termed complex plasmas in
analogy with complex fluids [8, 9]. The microparticles collect ions and electrons from the plasma and acquire
high negative charges in our experiments, so that they interact via a screened Coulomb potential. They can be
observed individually and thus enable observations on the kinetic level of diverse effects such as vortices,
tunneling, crystallization fronts, various wave effects, and the onset of instabilities [ 10-18].

In ground experiments, gravity is one of the strongest forces acting on microparticles 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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Figure 1. Sketch of the setup of the radio-frequency plasma chamber at the heart of the PK-3 Plus Laboratory. Adapted from [22]. ©
IOP Publishing Ltd and Deutsche Physikalische Gesellschaft CCBY 3.0.

region, strongion fluxes are present, which lead to effects such as wake formation [16, 19]. Thus, it is desirable to
perform experiments under microgravity conditions, when the microparticles are suspended in the more
homogeneous plasma bulk with a weak electric field [20]. In the present experiment, millimeter sized metallic
spheres were injected into the plasma together with the microparticles. On the ground, it is next to impossible to
study the interaction between charged microparticles and spheres for an extended period, as the spheres
immediately drop to the ground. Microgravity makes such an investigation possible.

In the first experiments on complex plasmas in Earth orbit, the cosmonauts Pavel Vinogradov and Anatoly
Soloviev shook an ampule containing charged microparticles on board the Mir 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 laboratory was operated on the space station from 2006—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. Dispensers mounted in the guard rings were filled with microparticles of
various sizes and metallic spheres of 1 mm diameter. 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. The weightless microparticle 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 the microparticles [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 the microparticle
dynamics, for instance electrorheological plasmas [26], wave excitation [27], lane formation [28], instabilities
[29], phase transitions [30], turbulence [ 18, 31], and wave transmission across interfaces [32].

The goal of the experiment presented here was to study, for the first time, the interaction between
macroscopic objects and microparticles immersed in a plasma in microgravity. By investigating gravitationally
and electrically floating macroscopic bodies as opposed to fixed probes or surfaces, we are able to use the natural
motion of the macrobodies through the complex plasma cloud and the microparticles response to extract
information on the effect of the complex plasma on the spheres and vice versa. The long interaction time made
possible by microgravity 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 the metallic spheres of
1.00 £+ 0.01 mm diameter that were present inside the dispenser broke through the sieve and entered the argon
plasma together with the remaining microparticles. Steel spheres were selected because of their durability and
small sticking probability of surrounding microparticles. In a first-order approximation, the material of the
spheres is unimportant for the interactions of the spheres with the microparticles and the plasma—metallic,
dielectric and semiconductor spheres will all attain floating potential when exposed to the plasma. Secondary
effects such as secondary electron emission depend on the material [33, 34], but are beyond the scope of the
present paper to take into account.

It was again cosmonaut Pavel Vinogradov who performed the experiment, and, as in the very first
experiment on complex plasmas in Earth orbit, he shook the experimental container to impart momentum on
the particles inside. While the effect of the shaking on the microparticles was minimal in PK-3 Plus because of
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Table 1. Experimental particulars for the experiments presented below: (1) simple
interaction, (2) bubbles, (3) repulsive attraction, and (4) exciting waves. The gas pressure p,
velocity of the sphere 15, Knudsen number Kn, Reynolds number Re, and drag force Fy
calculated with (1) are given. In the ‘exciting waves’ experiment (4), a microparticle mixture
of diameters 1.55, 2.55, 3.42, 6.8, and 9.19 pum was present, and in all others a mixture of 3.42,
6.8,9.2,and 14.9 pm. All microparticles except for the 1.55 pm silica particles were
composed of melamine formaldehyde with a density of py = 1510 kg m~2. The table lists the
size(s) d4 of those microparticles that are mainly interacting with the sphere during the given

experiment.

Exp.  p(Pa)  w(mms ) Kn  Re(107 Fy (nN) dg (pum)
(1) 30.0 262 + 1.2 0.5 5.5 3.5+£03 6.8
2) 29.0 343 £ 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

the strong confinement, it was essential to impart momentum on the metallic spheres, which were accelerated
when a chamber wall hit them.

The interaction of additional objects with complex plasmas has been studied regarding probes/wires
[35-40], projectiles moving through the cloud [41-44], and 3D shaped substrates or perpendicular walls at
different potentials [45, 46]. When the object is electrically floating 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: the microparticles are repelled from negatively charged objects, and ion drag pushes
microparticles towards the objects, whereas the void is formed because ions push the microparticles outwards
and the discharge electric field inwards. There can also be microparticle 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 smaller microparticles bound to alarger one. The observed attractive force could be caused by the
plasma flux onto the central particle [48] or ion shadow effects [49].

2. Motion of metallic spheres

The metallic spheres were set into motion relative to the plasma chamber by the cosmonaut shaking the
experimental container. The spheres gained momentum when they hit a side wall of the plasma chamber, where
they were also reflected. The movie spheres_reflection.avi in the supplementary materials available online at
stacks.iop.org/NJP/19/103019/mmedia shows reflections and spheres moving through the complex plasma.
The sphere motion was not visibly influenced by the plasma or the microparticles.

The microparticles were only visible when they were in the plane formed by the laser sheet illuminating
them. This laser sheet had a full width at half maximum of approximately 80 ;sm at the focal axis [29]. The
spheres reflected much more light than the microparticles due to their larger size. Therefore, they were visible
even outside the laser plane, with a depth of field of approximately 8 mm. Whether they were located in front or
behind the laser plane can be deduced from two facts: (1) when they were located behind the plane, their image
was superposed with images of microparticles. (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
than when they were located in front of the plane. This is due to the fact that the spheres reflected more light
towards the camera when located behind the laser plane.

Using the motion of the metallic spheres through the laser plane and the fact that the diameter of the spheres
is known and much larger than the width of the laser plane, it is possible to estimate their velocity in direction
perpendicular to the plane, v,. Assuming that this velocity does not change during the time interval that the
spheres interact with the microparticles 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 spheres moving through the chamber are given in table 1. In the experiments presented
here, the spheres move at velocities ranging from 6 to 50 mm s~ '. They are relatively large and massive, with a
mass m, = 471',05R3 / 3 = 4.1 x 107 kg, where we used a radius of R = 0.5 mm and the density of steel,
p, = 7850 kg m~>. The metallic spheres are thus 1-1000 million times more massive than the microparticles in
the plasma.

This large mass means that stopping the sphere from a velocity of %, = 30 mm s~ ' duringatime of At = 1's
would require a force F, = mgv, /At = 120 nN.
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Figure 2. Quasi-steady state acceleration measurements during the time of the experiment presented in this article. The
microacceleration was measured every 16 s with the MAMS sensor in the US lab Destiny [50]. The coordinate system is left-handed
cartesian. The x direction is oriented along the longitudinal axis of the Destiny module 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]. The mean values and their standard deviations are (a,) = 0.1 & 0.3 ug, (a,) = —0.3 & 0.2 ug,and

(a;) = —0.2 £ 0.3 pug.

2.1.1. Microacceleration forces

Even though the ISS is in free fall, air drag, tidal forces, etc lead to low frequency microaccelerations, and
vibrations from payload and vehicle systems cause high frequency accelerations [53]. Non-negligible quasi
steady-state accelerations would lead to a bending of the flight path of the spheres in the plasma chamber. These
microaccelerations are measured by the MAMS sensor in the US lab ‘Destiny’ [50]. The data are available for
download at the Principle Investigator Microgravity Services website [54].

For the time interval when the present experiment was carried out, the magnitude of the quasi-steady state
acceleration was < 1.0 pg except for two counts, where gis the gravitational acceleration at the Earth’s surface,
see figure 2. The PK-3 Plus Laboratory was hosted in the Russian segment of the ISS. The extrapolation of the
acceleration measurement to other segments is non-trivial and depends on the current motion of the ISS [55].
Measurements [55] have shown that a worst case estimate for the magnitude of the microaccelerations in the
Russian segment (barring unusual events) is given by that measured by MAMS multiplied with the factor 100;
usually, the microaccelerations were comparable in magnitude in both segments.

Let us assume, as upper limit, an acceleration of a = 100 pg at the location of the PK-3 Plus Laboratory.
This results in an effective gravitational force of F, o = msa = 4.0 nN, which is two orders of magnitude
smaller than the stopping force F; = 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 the Reynolds number Re. The Knudsen number is defined as Kn = An5, /R, where Ay, is the mean free
path of the neutral atoms and R = 0.5 mm is the sphere’s radius. In the experiments presented here,

Amfp = 0.25-0.47 mm [56, 57], which means that Kn = 0.5 to 0.9. This puts the experiments in the transitional
regime between the free-molecular (K >> 1) and continuum (Kn < 1) regimes.

The Reynolds number is the ratio of inertial to viscous force. It is given by Re = 2Rpw, /s, with p denoting
the mass density of the gas, 1; the relative velocity between the gas and the sphere, and p the gas dynamic
viscosity. The dynamic viscosity of argonis y = 2.3 x 107> kg m~! s~!ata gas temperature of T = 300 K
[56—58]. In the experiments presented here, Re varies from 6.5 X 107>to 1.0 x 1073. Table 1 gives an overview
of the experimental particulars.

In the viscous limit of low Reynolds numbers, the drag force Fj acting on a sphere is given by Stoke’s law [59].
When the mean free path of the gas atoms is comparable to or larger than the sphere size, Ag, = R, the
Cunningham slip factor C(Kn) = 1 + A - Kn, with a correction parameter A, takes into account slip at the
sphere surface [60]. This results in a drag force

Fy = —6muRv/C(Kn). (1)
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The correction parameter A is typically expressed as a functional form [61]
A = a + [exp(—v/Kn), )

where o, § and yare experimentally measured 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, to within 5% [57, 62]:

a = 1.142, 8 = 0.558, v = 0.999. 3)

These values of the slip parameters were first measured with a Millikan apparatus by Allen and Raabe [63].

The resulting forces Fj are given in table 1 and are of the order of some nN or less. This makes them at least
one to two orders of magnitude smaller than the stopping force E estimated above. Thus, during the time
intervals that we observe the interaction with the microparticles, the drag force acting on the spheres can be
neglected.

2.1.3. Magnus force

While moving 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’s motion, the Magnus force Fy [64].
Atsmall Reynolds numbers Re < 1, Fy is given by [65, 66]

Fyu=1[1+ ORe)|mR>*mnw x v, (4)

where m is the mass of the gas atoms, and O(Re) is a correction of the order of the Reynolds number. For the
‘exciting waves’ experiment given in table | we estimate an angular velocity of 10 rad s~ ' by observing the
rotation of microparticles stuck to the sphere’s surface. This results in a force of Fyy = 6 x 107° nN, which is
negligible compared to the drag and stopping forces. Correspondingly, we do not observe any spheres that are
not moving in straight lines.

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

Q/e~ 1400 T, a ~ 1.8 x 10, 5)

where T, >~ 2.5 eV is the electron temperature in eV, and a is the object radius in micrometers [29]. This rule-of-
thumb does 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 under microgravity and under
gravity conditions are the same, and (ii) the microparticles can serve as tracers of the electric field [72]. Under
gravity conditions, microparticles are levitated by the sheath electric field. Thus, the magnitude of the electric
field E is given by the balance equation (= 9.81 ms™?)

mag = qyE. (6
Using typical parameters such as those given in table 2 for experiment (1) results in
E = mqg/qy = 1400 Vm~L 7)

The strength of the sheath electric field does not change in microgravity. Thus, we use this magnitude of E to
calculate an upper limit of the electric force on the sphere in the plasma bulk as

Fg = Q,E = 0.4 nN, (8

which is comparable to Fj 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 sphere movement deep inside the
sheath is not relevant for their interaction with the microparticles in any case.

While the sphere is moving through the microparticle cloud, it interacts with the microparticles, which are
also charged negatively. Thus, there is an additional force exerted on the sphere due to dissipation in the
surrounding microparticle fluid. This additional drag force consists of two parts, an additional contribution to
the neutral drag force associated with the neutral gas friction of the surrounding microparticles (the friction-
dominated additional drag), and the viscous disspation in the microparticle fluid (the viscosity-dominated
additional drag). Ivlevand Zhukhovitskii [73] give the following expression for the additional force on a




I0OP Publishing NewJ. Phys. 19 (2017) 103019 M Schwabe et al

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 voltage U, electron
density 1, estimated with the scaling parameters in [29], microparticle size dy, microparticle density nq, and
microparticle charge g, estimated with the drift motion limited theory (DML) [11]". Also given are the Havnes
parameter H = g,nq /en. [77], and the microparticle speed of sound c4. The plasma power was 480 mW for all

experiments.

Exp. P Ussr fle dq g 44 H a
(Pa) ) (m™) (ppm) (m) (0 (mms™ )

(1) 30.0 14.0 5 x 1014 6.8 1 x 100" 11 000 0.2 5.8

) 29.0 13.9 5 x 10 3.4 6 x 10'0° 5200 0.6 16.0

(3) 29.3 14.0 5 x 10 3.4 4 x 1010° 5400 0.4 14.0

(4) 15.5 14.7 3 x 104 3.4 30 x 10'0¢ 3600 3.6 19.0

6.8 20 x 10'0¢ 6600 4.4 9.3

* Other theories to estimate the charge are the modified orbital motion limited theory (mOML) [78], and the
orbital motion limited theory (OML) [67, 79]. We only give the charge resulting from DML, as all theories
result in approximately the same charge for H < 1. For H > 1, OML s not applicable due to strong electron
depletion, while DML and mOML still give about the same charge.

" Calculated from the position of the first peak of the radial pair correlation function.

¢ Estimated from the interparticle distance determined by the areal number density.

projectile moving in a complex plasma that induces a subsonic microparticle flow*

14+ R+ R+ R
Faqa = —4mnRest vs — , 9
1+ 1R

1
3
where 7is the dynamic shear viscosity of the microparticle fluid, R is the effective projectile radius given by the
size of the surrounding cavity in the microparticle cloud, v is the projectile velocity, and R = R /L with the
frictionlength Ly = /n/ py,- The mass density of the microparticle fluid is denoted by p, and the

microparticles’ friction rate with the background gas by 7, Using a kinematic viscosity v = 7/p ~ 5 mm?

-1
s
[74],a dampingrate of 7, ~ 55 s~1[75,76], and an effective projectile size of Rer = 3.3 mm, which
corresponds to experiment (1) in table 1, results in a friction length of L, =~ 0.3 mm and a parameter R ~ 11.

This gives an additional force

Eg4 = 0.31 nN. (10)

This additional force on the spheres caused by the interaction with the microparticles is one order of magnitude
smaller than the drag force exerted by the neutral gas, and many orders of magnitude smaller than the force
required to decelerate the sphere in the space between the top and bottom electrodes.

3. Simple interaction with microparticles

Next we shall consider the forces acting on the microparticles. Table 2 gives the plasma and microparticle
parameters for the four experiments we discuss below. The microparticles are strongly influenced by the
spheres. This can be seen in figure 3, where a metallic sphere is moving through the laser plane (see also the
movie spheres_interaction.avi in the supplementary material). The sphere casts along shadow on the
microparticle cloud (visible as missing microparticles in the image). The microparticles are repelled by the
sphere, as the sphere surface is charged negatively like all surfaces in contact with a the plasma.

Figure 4 shows the movement of a sphere and the size of the cavity it produces in the microparticle cloud.
The movie spheres_cavity.avi in the supplementary material shows a three-dimensional rotation of the figure.
The cavity shape was measured in the following way: in the original image, for each pixel we determined whether
there were pixels with a high brightness in the surrounding area. Contours were plotted around areas with no
bright pixels. We fitted 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 tomographic manner.

Then, it is possible to estimate the size of the cavity along the sphere trajectory (shown in gray in figure 4). We
estimate the distances to the cavity edges by turning the plot shown in figure 4 to a top view and measuring the
distances along and perpendicular to the sphere path. We get a distance 7 to the leading edge of the cavity of
11 = 3.0 mm, a distance r; to the trailing edge of r, = 3.5 mm, and a distance ry = 1.8 mm to the cavity flank/

4 . . o .
Please note that the spheres move with supersonic velocity in some experiments.
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Figure 3. (a) Negative of a superposition of three experimental snapshots (field of view: 35 x 10 mm?, 40 ms time interval, exp. (1) in
table 2) showing a metallic sphere moving in a complex plasma (from bottom left to top right, away from the camera). The sphere is
traveling through the laser plane and casts along shadow on the microparticle 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 particles moving out of the way. A part of the void is visible in the top right. (b) Velocity vectors of a subsample of all traced
particles corresponding to the middle frame of the three superposed images in (a). The color of the vectors indicates their direction.
The movement of the particles around the sphere (gray circle) is well visible. The position of the cavity is indicated as dashed circle.

] T T T T T T
%% %o
5

IS t (ms)

Figure 4. Movement of the sphere shown in figure 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 the microparticle cloud
is maximal, is indicated as gray ball with 1 mm diameter. The cavity is deformed at larger z positions/later times due to delayed
closure. (Inset) Diameter d of the cavity projection on the laser plane as a function of time.

side. This means that the cavity surrounding the sphere is deformed, which is typical for large and fast projectiles
moving through a complex plasma [81].

The inset in figure 4 shows the diameter of the cavity in the laser plane as a function of time. The time t = 0's
corresponds to the moment when the shadow cast on the microparticle cloud is at its maximum size. After

7
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Figure 5. Sketch showing the forces acting on a microparticle at the edges of the cavity. The sphere with charge Q; is moving towards
the left with velocity 1;. The distance from the sphere center to the leading cavity edge is 7, that to the trailing edge 7, and that to the
flank ;. Exemplary microparticles with charges g, are shown as filled black circles. The microparticles are under the action of the
sphere’s electric field E and the pressure force F, by the other microparticles in the cloud, indicated as dashed semicircles. The light
gray circles indicate ions which are attracted to the negatively charged sphere, exerting an ion drag force on the microparticles.

having reached its maximum size, the cavity radius shrinks at a rate of approximately %, = 11 mm s~ '. Taking
into account the angle o = 40° of the trajectory with the laser plane, we calculate the real particle velocity at the
cavity edgeas v, = sina - 1, = 7.1 mm s~ ', which is comparable with the speed of sound given in table 2,
g = 5.8 mm s

Next, we investigate the force balance acting on the microparticles on the cavity edges, as in [38, 40], see
figure 5. First, let us consider the microparticles shown as filled black circles above and below the sphere in the
sketch in figure 5. They are located at the flank of the cavity, with a distance of 7y = 1.8 mm from the sphere
center. We assume that the microparticle velocity at the side positions is negligible, 13 ~ 0, and thus there is no
drag force from movement relative to the neutral gas.

Then, the force balance for a microparticle with mass mj is (see figure 5)

d
mdf = F, + quE(r) + F, = 0. (11)
E, is the pressure force exerted by the microparticle cloud. Its magnitude is given by
2
94 ( A) A
Ey~4k=S|1+ —|e 8/~ 621N, 12
b N 3 (12)

where k. = 8.99 x 10° N m? C~2?is Coulomb’s constant, A = 270 um is the interparticle distance, and
A = \; = 54 pum theion screening length. We assume that the microparticle interacts with four nearest
neighbors.

The sphere charge Q; = 1.8 X 10° e was estimated in section 2.1.4 with a rule-of-thumb. The electric field
it produces is screened inside the cavity with the screening length . The electric field strength at position ris
given by the derivative of the Yukawa potential [106],

E(r) = ke%se”“(l + 1), (13)
r A
where Qq is the sphere charge, is the distance from the sphere center. The screening length in low temperature
plasmas is typically close to the ion Debye length, A ~ A; = 54 pm, which is also the screening length we used in
calculating the pressure force (12). The ions are strongly accelerated towards the charged sphere. Approximately
atadistance 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 electron Debye length A\, = 530 pm [82].
Therefore, we use A, as screening length A inside the cavity. The electric field strength at position
r=r1r=18mmis

E(rp) = 120V m™}, (14)
resulting in an electric force

q4E(rp) = 210N, 15)

using the microparticle charge g; = 11 000 e given in table 2. For the ion drag force F;, we use the expression
given by Khrapak et al [82], which gives F; for a single microparticle in a collisionless Maxwellian plasma for an
arbitrary ion velocity as
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2

2
+ u 1 + 2z 4+ u? — 422721nA]exp(—u7)}, (16)

F = \/Zﬂ'rfﬂimw%;{g erf(L)[l +u+ (1 —uDHA + 2z7) + 4z*7%u % InA]

where 1 is the microparticle radius, n; and m; the ion number density and mass, and vr; = /8kg T, /7m; the ion
thermal velocity. The ion speed, normalized by the ion thermal velocity, is denoted by u. The dimensionless
microparticle chargeis given by z = ge|/(4mey1q kg Tc), and the ratio of the electron to the ion temperature by
7 = T./T,. The Coulomb logarithm is given by

InA = In [L] a7)
B+ (ra/ Aett)

with 8 = qlel/(4meoks TL(1 + u?) Aefr) and the effective screening
length Ao (1) = [A72(1 + ud)~' + N2 V2

The ion velocity can be calculated as a function of the electric field strength E using the ion mobility 4,
vi = 1;E. Weuse the approximation [83]

~1/2
11.(E) = %[1 + ag] : (18)

with g, = 19.5 m? Pa V-!'s7!, @ = 0.035 m Pa V! for argon ions in argon gas and the gas pressure p in pascal.
For the electric field calculated above, E = 120 V m~, this results in an ion velocity of v; = 73 m s}, directed
towards the sphere. Using the parameters above, a plasma density n; = n. = 5 x 10'* m™3, and temperatures
T, = 300 Kand T, = 2.5 eV results in a drag force of

Fi(r7) = 110 fN, (19)

directed towards the sphere.

Thus, the force balance Fi(rr) + F, = q4E (rr) holds within 20%. The calculated electric force at the cavity
edge is larger than the sum of 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 position might be obtained, and the electric
field corrected correspondingly. Also, the charge of the microparticles and of the sphere was approximated, a
more precise determination would 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 flow makes 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 eventual missing
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 [, closes the cavity. As F, is smaller than the other forces, the closure of the cavity is slower
than the opening. This explains the cavity deformation visible in figure 4.

Next, we assume that the microparticles at the leading edge of the cavity directly in the sphere’s path are
displaced with the sphere velocity 1, = 26.2 mm s~ . The lengths of the tracks of those particles support that
assumption. The force balance at the leading edge 7 is (see figure 5):

md% = FEP + Fp + F; + qu(Tl), (20)

where the drag force exerted by the neutral gas on the microparticle is denoted by Fg,,, and mgdvy /dt is the
deceleration acting on the microparticle. The magnitude of the drag force is

Fgp, = mgygpvs = 360 fN, 21)
with the microparticle mass my = 2.5 x 10713 kg and the Epstein drag coefficient [76, 84]

N M Vih

Pqatd

Ve = 1.48 =555, (22)

using the number density n,,, atom mass m,, and thermal velocity vy, 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 m~! resultsin
qqE(n) = 12fNand F, = 5.9 fN.

Using the magnitudes of F, and those given above we can calculate the distance d over which the
microparticle decelerate:
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Figure 6. Negative of images with a field of view of 6.5 x 8.5 mm? showing a sphere moving from top to bottom through the void. A
bubble around the sphere forms, and microparticles are displaced into the void. Once the sphere has left the vicinity of the void edge,
the bubble loses cohesion, and the microparticles slowly move back towards the void edge.

dvg  mavi(va)  mavi
Fgy + F + F, — |q.|E = mg—3 — ~ Db (23)
Ep b lad e d 2d

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

4. Evidence of modified ion flux

It is well known that microparticles, being charged, will modify 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 be more pronounced. Next, we shall highlight some experimental evidence of the modified
ion flux.

4.1. Metallic sphere generated bubbles

Figure 6 and the movie spheres_bubble.avi in the supplementary material shows a metallic sphere moving from
top to bottom with velocity of 1, = 30 mm s~ through the microparticle cloud composed of particles of 3.4 m
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 », = 17 mm s~ . Note that, even
before the metallic sphere influences the microparticles 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] and might be explained with dust invariants [89] or a change in the direction of
the ion flow [90]. At t = 40-80 ms, when the metallic sphere approaches the void edge downwards from inside
the cloud, it pushes the cusp into the void, forming a bubble in the microparticle fluid, compare figure 6. This
bubble resembles well the ‘secondary void” observed by Klindworth et al [91] forming around a negatively biased
Langmuir probe inside a microparticle void during a parabolic flight. The bubble reminds visually of bubbles
observed in the microparticle cloud near the void under the influence of thermophoresis [92]. Then, their
formation was attributed to a flux of the neutral gas induced by the temperature gradient and to an effective
surface tension caused by ions streaming to the microparticle bubble [92, 93].

Note also that the microparticles in the cusp region of the bubble are not simply pushed into the void.
Instead, they move inside the bubble wall back towards the main microparticle 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 the microparticles at intermediate distances. The
force balance is as found in [37]—at small distances, the microparticles are repelled, at large distances, attracted
by the metallic sphere due to the interplay of electric and ion drag forces.

In [92], the effective surface tension « of the bubbles was estimated as the total mass M of all microparticles
moved during the breakup of the bubble in time 7, & ~ M /72. Here, we can estimate M from the change in the
width of the bubble wall in time 7, assuming that the microparticle density in the cusp is about twice that in the
main microparticle cloud, as determined in [89]. This results in an effective surface tension
a ~ 4 x 107" kg s72, which isabout 1/2 to 1/3 of that determined in [92] for the same microparticle size and a
gas pressure of only 18 Pa compared to 30 Pain the present experiment. Note that this value is many orders of
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t=_0ms : t= 40 ms t=_80ms t = 120 ms

t = 160 ms* t = 200 ms t = 240 ms t = 280 ms

t = 320 ms t =360 ms"

» - e =8

Figure 7. A metallic sphere is moving inside the void of a complex plasma cloud. The original images with a field of view of

11.9 x 7.2 mm? were inverted, and the contrast was adjusted. The sphere is moving simultaneously from right to leftand
perpendicular to the field of view. When it approaches the void boundary (¢t = 80 ms), the particles in the complex plasma cloud
move towards the sphere, forming abubble around it (t = 120 ms). The sphere crosses the laser plane at = 160 ms (its image is
overexposed). After the sphere has left the laser plane, the bubble loses cohesion, and the microparticles slowly fall back towards the
main cloud. See the supplementary material for a movie.

magnitude smaller than that predicted in [94] where the effective surface tension caused by ion wakes was
calculated.

After the sphere has left the vicinity of the bubble, the bubble loses cohesion, and the microparticles start to
slowly drift back to the main cloud. This shows that once there is no more 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 the metallic spheres by
considering a sphere traveling inside the void, initially far from the cloud edge. When the sphere approaches the
microparticles, we expect them to first move towards the sphere and then be repelled at small distances. We term
this behavior ‘repulsive attraction’, as the sphere and the microparticles 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 the movie spheres_attraction.avi in the supplementary material show exactly this expected
behavior: a metallic sphere moves inside the void along the cloud edge. When it gets close to the edge, the
microparticles move 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
the metallic 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 new microparticle equilibrium position. After the sphere has left the
vicinity, the microparticle bubble again loses cohesion, as discussion in section 4.1, and the microparticles slowly
drift back to the main cloud.

4.3. Exciting waves

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 also move obliquely [98]. They are
strongly influenced by objects in the cloud, for instance, Choudhary et al [99] found that a floating rod ina DC
glow discharge modifies the local electric field, which in turn alters the ion flow and thus the direction of DAWSs
—in the presence of the rod, the waves propagate obliquely, and Kim et al [100] observed a similar distortion of
wave ridges flowing around a glass rod in DC glow discharge, which they explained in terms of diffraction of
waves around an obstacle.

Dust waves are excited when the microparticle 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 cloud with respect to the
sheath [101]. An approximation for the critical electric field for wave excitation is [102]
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Figure 8. Experimental images showing a metallic sphere that moves through a complex plasma cloud with self-excited waves. The
original images with a field of view of 16 x 9 mm? 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 sphere moves into the laser plane, it repels the microparticles, so that a cavity forms around the sphere. The wave
ridges become visibly bent near the cavity surface. The sphere reaches the center of the laser planeat t = 2 s, where it casts an extended
horizontal shadow. At that time, the wave ridges orient perpendicular to the cavity surface. See the supplementary material for a
movie.

Eo = 1nbh 24)

Cg €

where 7 is the gas damping rate, ¢4 the microparticles’ speed of sound, T is the ion temperature, kg is
Boltzmann’s constant, and e the elementary charge.

In the present experiment, DDWs were excited by the spheres in a region of the microparticle cloud where
conditions are close to the excitation threshold. Figure 8 shows a sphere moving through a complex plasma in
argon ata pressure of 15.5 Pa and an effective voltage of 14.7 V. The complex plasma was formed of a mixture of
particles of sizes between 1.55 and 9.19 pm, which arrange around the void ordered by size (smaller particles are
located closer to the void). The sphere is mainly interacting with particles of sizes 3.4 and 6.8 pm. The
microparticles at the left side of the plasma are undergoing self-excited waves. The sphere approaches the active
region from the right and from behind, moving in a part of the cloud that is not undergoing wave activity
(t = 0.0-0.4 s). In the vicinity of the active region (+ = 0.8 s), waves appear once the sphere gets close. This is
expected behavior, as the strong electric field of the metallic sphere will accelerate ions in addition to the
chamber’s background electric field. The wave 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 corresponding movie is available in
the supplementary material (spheres_waves.avi).

Under these conditions, the critical field (24) is

Ee~80Vm, (25)

for both particle sizes (ry = 1.7 um, ¢g = 19 mm s~}, Vep = 57 s~!resp.7y = 3.4 um, ¢g = 9.3 mm s~},and
Vep = 2987 !, 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 total field magnitude 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 m™~!, which is larger than the sum of the sphere and discharge electric
fields. Correspondingly, the microparticle clouds in those experiments were not undergoing wave activity.

5. Summary

We presented the first experiments on the interaction between a complex plasma and metallic spheres of 1 mm
diameter under microgravity conditions. The spheres were set into motion when the experimental container
was shaken and they hit the chamber walls. While the microparticles were trapped in the plasma, the motion of
the spheres was almost force-free: the drag forces, microaccelerations and electric forces acting on the spheres
were negligible during the interaction time with the microparticles.

The influence of the spheres on the microparticles and the local plasma environment was profound. The
spheres acquired high electric charges of the order of 1.8 x 10° eand were surrounded by microparticle-free
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cavities with diameters of a few millimeters. 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 the microparticles are moving.
For stationary microparticles at the cavity edge, the force balance between the electric force, ion drag force and
pressure force from other microparticles holds to within 20%, using the electron Debye length as screening
length inside the cavity, and neglecting the global ion flux. We showed that the spheres strongly influenced the
ion motion, leading to an effective attraction of microparticles to the spheres at intermediate distances, to an
effective surface tension o ~ 4 x 107! kg s72, and to the excitation of dust density waves by increasing the
local electric field strength above the threshold field necessary to trigger the waves (E., = 80-250 V m ™' 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 a more detailed and thorough investigation of interaction effects such as wave excitation. Experiments
under gravity conditions where spheres are dropped through a complex plasma cloud [103—105] could
complement the study presented here and would allow comparing the effects of spheres made of various
materials.
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