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Abstract

Ensembles of charged, micrometer-sized dust particles confined in the sheath of a rf-discharge
are typically in a strongly-coupled state and form crystal-like structures (dust clusters). This
thesis focuses on the effects of magnetic fields and rotation on the structure and dynamics of
dust clusters. Both topics, magnetization and rotation, are linked, since dust structures in the
presence of magnetic fields are usually in a rotating state. Furthermore, the Larmor theorem
states that the Lorentz force and the Coriolis force are mathematically equivalent and affect the
dynamics of dust clusters in a similar way.

In order to systematically study the effects of cluster rotation, a dust centrifuge is introduced
as a new technique to set dust clusters into rotation. This allows to clearly separate the effects
of rotational motion from the influence of magnetic fields. In a frame of a rotating cluster two
pseudo-forces appear: the centrifugal force, which effectively weakens the radial confinement of
the dust clusters and offers the possibility to probe the dust-dust interaction. Moreover, the
Coriolis force, which modifies the dynamics of a dust cluster in a similar way as it is expected
from a giant magnetic field. Here, a proof-of-principle is given that the Coriolis force can be used
to effectively magnetize a small dust cluster and to study the simultaneous effects of (pseudo)
magnetization and strong coupling in a dusty plasma device.

The second focus of this thesis lies on the effects of magnetic fields on the dynamics of dust
clusters. The mechanism of cluster rotation in the presence of an axial magnetic field is discussed.
It is found that the cluster rotation is accompanied by a co-rotation of the neutral gas column,
which can result in an unexpected sense of rotation and magnitude of the rotation frequencies
in comparison to an established model of cluster rotation, which is based on a balance of ion
and neutral drag force. Furthermore, the dust-dust interaction force is of special interest, which
is substantially modified by the flow of ions in the plasma sheath and the formation of ion
wakes. Here, the phase-resolved resonance method is introduced to measure the nonreciprocity
of the interaction force and the partial decharging of particles in the wake of another with high
precision. It turns out that both effects are not independent of each other and that the decharging
effect enhances the nonreciprocity of the particle interaction due to a coupling with the external
confinement. In a further step, the influence of a strong magnetic field on the ion-wake-mediated
particle interaction force is studied. It is shown for the first time that a magnetic field parallel
to the ion flow severely reduces the interaction forces, which is in qualitative agreement with
linear response calculations predicting a reduction of the wake charge.

At last, an alternative approach to reach the realms of fully magnetized dusty plasmas is
discussed. Going down in particle size from micrometer-sized dust particles to nanoparticles
might allow to produce a dusty plasma, where even the motion of the dust is directly affected by
a strong magnetic field. Here, two important steps towards this aim are made. First, a modified
discharge geometry is proposed, which allows to confine dust clouds in a plasma column in
the presence of strong magnetic fields. Second, an “Imaging Mie Ellipsometer” is introduced,
which provides important parameters, such as the dust size and the dust density, with high
spatiotemporal resolution.






Zusammenfassung

Geladene, mikrometer-grofie Staubpartikel eingefangen in der Randschicht einer HF-Entladung
befinden sich typischerweise in einem Zustand starker Kopplung und formen kristallartige Struk-
turen (Staubcluster). Diese Arbeit beschéftigt sich mit den Effekten von Magnetisierung und
Rotation auf die Struktur und Dynamik von Staubclustern. Beide Themen, Magnetisierung
und Rotation, sind miteinander verbunden, da sich Staubcluster in magnetisierten Plasmen
iiblicherweise in Rotation befinden. Weiterhin besagt das Larmor Theorem, dass Lorentz- und
Corioliskraft mathematisch dquivalent sind und die Dynamik von Staubclustern in &hnlicher
Weise beeinflussen.

Um den Einfluss der Clusterrotation systematisch zu studieren, wurde eine Staubzentrifuge
entwickelt, welche es erlaubt, den Einfluss von Rotation klar von den Einfliissen eines Magnet-
feldes zu trennen. Im Bezugssystem eines rotierenden Clusters treten zwei Scheinkrafte auf: Die
Zentrifugalkraft, welche zu einer effektiven Abschwachung des radialen Einschlusses fithrt und es
erlaubt die Staub-Staub Wechselwirkung naher zu untersuchen. Des Weiteren die Corioliskraft,
welche die Dynamik von Staubclustern in einer dhnlichen Weise beeinflusst, wie es von einem
starken Magnetfeld erwartet wird. Es wird gezeigt, dass die Corioliskraft zu einer effektiven Mag-
netisierung von Staubclustern benutzt werden kann und es somit erlaubt, die simultanen Effekte
von (Schein-) Magnetisierung und starker Kopplung in einem staubigen Plasma zu studieren.

Der zweite Schwerpunkt dieser Arbeit liegt auf der Wirkung von Magnetfeldern auf die Dy-
namik von Staubclustern. Es wird der Mechanismus, der Staubcluster in Gegenwart eines axialen
Magnetfelds in Rotation versetzt, diskutiert. Hierbei stellt sich heraus, dass die Clusterrota-
tion von einer Korotation der Neutralgassaule begleitet wird, welches, im Vergleich zu einem
etablierten Modell der Clusterrotation, zu einer unerwarteten Richtung und Geschwindigkeit der
Rotation fithren kann. Weiterhin ist die Wechselwirkungskraft zwischen den Teilchen von beson-
derem Interesse, welche stark durch den Ionenfluss in der Plasmarandschicht und dem Auftreten
von lon-Wakes beeinflusst wird. Es wird eine phasenaufgeloste Resonanzmethode vorgestellt,
die es ermoglicht, die Nichtreziprozitat der Wechselwirkung und die teilweise Entladung eines
Partikel im Wake eines anderen mit hoher Préazision zu bestimmen. Es stellt sich heraus, dass
beide Effekte nicht unabhéngig voneinander sind und der Entladungseffekt in Verbindung mit
dem aufleren Einschluss die Nichtreziprozitat der Wechselwirkung verstéarkt. In einem weiteren
Schritt wird der Einfluss eines starken Magnetfeldes auf die von Ion-Wakes modifizierten In-
terpartikelkréfte studiert. Es kann hier zum ersten Mal gezeigt werden, dass ein Magnetfeld
parallel zum Ionenfluss zu einer Abschwichung der Kopplungskréfte fiihrt, welches in qualita-
tiver Ubereinstimmung mit Rechnungen in Linear-Response Naherung ist, die eine Reduktion
der Wake-Ladung vorhersagen.

Als letztes wird ein alternativer Weg diskutiert, ein vollstdndig magnetisiertes, staubiges
Plasma zu erzeugen. Der Ubergang von Mikrometer- zu Nanostaub erlaubt es moglicherweise ein
staubiges Plasma zu realisieren, in dem die Bewegung des Staubes direkt durch das Magnetfeld
beeinflusst wird. Zwei wichtige Schritte in diese Richtung werden in dieser Arbeit unternommen.
Als erstes wird eine alternative Elektrodengeometrie vorgeschlagen, in der Staubwolken in einer
magnetisierten Plasmaséule eingeschlossen werden kénnen. Zweitens wird ein “Bildgebendes
Mie Ellipsometer” vorgestellt, das die Bestimmung wichtiger Parameter, wie der Staubgrofie
und Dichte, mit hoher raumzeitlicher Auflésung zulésst.
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Introduction

A plasma consists of a gaseous mixture of electrons, ions and neutrals being almost electric
neutral overall. Furthermore, the plasma state requires a sufficiently high number density
of free charge carriers, so that the ion and electron dynamics is governed by long-range
electrostatic interaction forces and collective behavior can emerge. This distinguishes the
plasma state from an ordinary gas, which is why a plasma is sometimes called the “Fourth
State of Matter”. When nano- or micrometer-sized solid particles (dust grains) are immersed
in such a plasma environment, the dust grains become electrically charged and can act as
an additional super-heavy plasma species. Such a system of electrons, ions, neutrals, and
charged dust grains is termed a dusty (or complex) plasma, whereby the word complex, in
analogy to complex fluids, reflects the unusual behavior such plasmas can exhibit, e.g., the
occurrence of crystalline phases and self-organization processes [1, 2], 3], [4].

Dusty plasmas can be found in numerous natural and technological environments and
exist in a broad parameter range over more than ten orders of magnitude in plasma density
and temperature. In space, planetary rings [5], cometary tails and cosmic nebulae are promi-
nent examples of physical systems consisting of large amounts of dust grains embedded in a
background plasma. Dusty plasmas occur in protoplanetary and accretion disks [6] and are
involved in the processes leading to the formation of new planets and stars. In industry, plas-
mas are an effective tool to etch, coat and modify the surfaces of different materials. Here,
dust grains are often a disturbing by-product, which can substantially lower the production
yield. Moreover, dust particles occur in fusion devices [7] or can be used for diagnostic
purposes [8,9]. Another application of dusty plasmas are nanoparticles produced by plasma-
chemical processes, which allow the production of low-cost solar cells [10, [II]. With the
experimental discovery of the plasma crystal [12, 13} [14] [15] in 1994, dusty plasmas came into
the focus of fundamental research and could establish themselves as an independent sub-field
of plasma physics. Highly-charged dust particles confined in the plasma sheath were found to
form crystal-like structures. These crystals are a model system for strongly-coupled Coulomb
systems, as they appear in colloidal suspensions [16], electrons in helium droplets [17], ions in
traps [18, 19, 20], and may occur in quantum dots [2I] or neutron stars [22]. One advantage of
dusty plasmas is that dynamic phenomena, such as oscillations, waves or melting processes,
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can be studied on a kinetic level with the aid of video microscopy that allows to resolve single
particle motion in space and time. In contrast to pure Coulomb systems, e.g., ions in traps,
where the interaction forces between the particles are given by the Coulomb force, the inter-
action force between dust grains in a plasma is shielded due to the ambient electron and ion
populations. The resulting potential around a charged dust grain is often approximated by a
Yukawa (Debye-Hiickel) potential |2, [4], which is an exponentially screened Coulomb poten-
tial. For dust grains confined in the plasma sheath the situation becomes more complicated.
Here, the sheath electric field sustains a strong ion flow and extended wake structures can be
observed downstream to the dust grains. Characteristic for these ion wakes is a positive space
charge region that modifies the particle interaction in an unusual manner. The polarization
of the streaming plasma can lead to attractive forces between the like-charged dust grains,
which can result in the spontaneous formation of particle strings [23, 24, 25]. Here, Nambu
et al. [26] pointed out the similarity to the formation of Cooper pairs in superconductors.
Moreover, the particle interaction parallel to the flow becomes nonreciprocal, i.e., there is a
strong interaction force from one particle to a particle in its wake, but only a weak force in
the other direction. This asymmetry provides an effective mechanism to convert energy from
the flowing ions to the kinetic energy of the dust grains [27] resulting in different types of
instabilities [28, 29], e.g., the melting of dust crystals [23]. The nonreciprocal and attractive
character of the ion-wake-mediated particle interaction and their consequences for the sta-
bility of dust clusters have been studied extensively over the last two decades. Nonetheless,
basic questions regarding ion wakes remain unanswered, e.g., is the alignment of particles
caused by drag [30, B1] or electrostatic forces [23 26, [32], B33, B4, B5]7 How does the wake
influence the charging of particles in the wake of another [36], 37, [38]?

Most experimental studies of dusty plasmas in the presence of magnetic fields were per-
formed at low magnetic fields (B < 100 mT). A major task of my PhD work was the initial
start up of the magnet system SULEIMAN (SUpralLEItender MAgNet) and the construction
and testing of a plasma chamber to study dusty plasmas in the presence of strong magnetic
fields up to magnetic inductions of 4 T. From the scientific point of view, this is a new pa-
rameter regime, as stated by Thomas et al. in Ref. [39] “Magnetized Dusty Plasmas: the
next frontier for complex plasma research” and fundamental questions regarding the influence
of magnetic fields on, e.g., the charging of dust particles [40], the modification of ion-wake
fields [41l [42], [43], the appearance of ion-cyclotron wakes [44], diffusion properties [45] or
dust-cyclotron wakes [46], [47] have only been studied theoretically or by means of computer
simulations. So far, only a few experimental results exist. Sato et al. [48] reported on the
rotation of dust clusters in magnetized rf-discharges up to magnetic inductions of B =1 T,
Vasilev et al. [49] studied rotating dust structures in a magnetized dc-glow discharge up to
B = 0.25 T and Schwabe et al. [50] found a filamentation of the rf-discharge modifying the
structure of a large dust cluster confined in the plasma sheath (B < 2.5 T). In particular,
one outstanding experimental challenge, as it is pointed out in Ref. [39], is the preparation
of a fully magnetized dusty plasma, where even the dust is magnetized and the simultaneous
effects of collective motion or strong coupling and magnetization can be studied.



In this thesis, the influence of magnetic fields and rotational motion on the structure and
dynamics of dust clusters confined in the plasma sheath is put into focus. Magnetized (dusty)
plasmas are found to be naturally in a rotating state and it is one aim of this work to show
that the rotational motion of the dust clusters itself modifies the dynamics of the clusters.
Here, even for moderate rotation frequencies, the centrifugal force effectively weakens the
(radial) confinement of the dust clusters and increases the particle distance, which can be
used for diagnostic purposes. Furthermore, the Coriolis force on the dust particles is found to
modify the oscillation spectra of rotating dust clusters in a way as it is expected from mag-
netized dust clusters because of the mathematical equivalence of Lorentz and Coriolis force
(Larmor theorem [51]). Here, a proof-of-principle is given that cluster rotation offers the
possibility to study the simultaneous effects of strong coupling and (pseudo) magnetization
in a dusty plasma device. The second focus of this thesis are dust clusters in the presence
of magnetic fields. The probably most obvious effect is the rotational motion of dust struc-
tures, which can even be observed for magnetic fields as weak as the magnetic field of the
earth. It is shown that the rotation of the dust clusters is accompanied by a co-rotation of
the neutral gas column, which can result in an unexpected sense of rotation and magnitude
of the rotation frequencies in comparison to a common model of cluster rotation [52], which
assumes a balance of the ion and neutral drag force for a neutral gas at rest. Furthermore,
the dust-dust interaction forces in the plasma sheath are substantially modified by the flow
of ions and the formation of ion wakes. Here, the nonreciprocity of the interaction forces
and a partial decharging of particles in the wake of another are measured with high preci-
sion by means of a phase-resolved resonance method (PRRM). PRRM is a new experimental
diagnostic developed during this work with the aim to improve the accuracy of resonance
measurements, a widely used technique for the diagnostics of dusty plasmas. It turns out
that the decharging effect of ion wakes and the nonreciprocal nature of the particle interaction
cannot be seen independently of each other and are coupled due to the external confinement
of the dust particles. In particular, the interest of this work lies on the influence of a strong
magnetic field on the ion-wake-mediated particle interaction. It is shown here for the first
time that a magnetic field parallel to the ion flow substantially lowers the coupling forces,
which might be attributed to a reduced wake charge.

This is a cumulative thesis based on ten articles in peer-reviewed journals |A.1HA.10] and
it is structured as follows:

e Chapter 2 briefly summarizes fundamental processes in dusty plasmas, which are rel-
evant for this work, e.g., the charging of dust particles in a plasma environment, the
confinement of dust particles in the plasma sheath, and the forces acting on dust par-
ticles, such as friction and interparticle forces.

e Chapter 3 focuses on precision resonance measurements by means of the phase-resolved

resonance method (PRRM), which is especially sensitive for the confinement frequency
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of dust grains confined in the plasma sheath. PRRM is the basis for the measurements
of the ion-wake-mediated interparticle forces presented in chapter 5. In order to demon-
strate the reliability and high accuracy of PRRM, it is applied on single dust particles
in three specific situations. Here, the longtime stability of MF-particles in a plasma
environment is studied. Moreover, the neutral gas friction force experienced by the
dust particles is critically compared with the Epstein theory. In addition, it is shown
that PRRM allows to precisely monitor the continuous mass loss of a PMMA-particle,
which allows to probe the plasma sheath with high spatial resolution.

In chapter 4 the pure effects of cluster rotation on the structure and dynamics of
dust clusters are put into focus. Here, the dust centrifuge is introduced, which allows
to set dust structures into rotation without disturbing the plasma. The effects of
centrifugal and Coriolis force are discussed in detail and the similarity between rotating
and magnetized dust clusters is pointed out.

Chapter 5 focuses on the dynamics of dust clusters in the presence of magnetic fields.
First, the mechanism of cluster rotation in the presence of (weak) magnetic fields is
discussed. Then, the ion-wake-mediated particle interaction originating from the flow
of ions in the plasma sheath is put into focus. Here, PRRM allows to precisely measure
the nonreciprocal particle interaction and the partial decharging of a particle in the
wake of another. It is found that a strong magnetic field parallel to the flow of ions
severely modifies the particle interaction.

Chapter 6 is intended as an outlook. Here, one promising approach to reach the realms
of strongly magnetized dusty plasmas is presented. Going from micrometer-sized par-
ticles to nanometer-sized particles and lowering the neutral gas pressure might allow to
produce a dusty plasma where even the dust is at least partially magnetized. Following
this approach, one has to give up the possibility to resolve single particle motion and
new experimental diagnostics are required. In this chapter, a new electrode geometry
is proposed for the confinement of nanodust clouds in magnetized rf-discharges and the
“Imaging Mie Ellipsometry” (I-Mie) is introduced, which allows to measure the density
and size of a nanodust with high spatial and temporal resolution.



2

Forces and dust confinement

Dust particles in a plasma acquire an electric charge and are subject to different forces. This
chapter starts with a brief description of the charging processes in laboratory plasmas and
the basic forces acting on dust particles, e.g., electric field, drag, and pair-interaction forces,
which are relevant for this work. Afterwards, the confinement of particles in the plasma
sheath of a radio-frequency (rf) discharge is explained. For a more detailed overview on
(dusty) plasma physics the reader is referred to standard textbooks [3 4, 53, [54] and recent
review articles [1, 2].

2.1 Dust charging

The probably most important property of dust in a plasma is its electric charge. In laboratory
plasmas the dominant charging mechanism is the collection of electrons and ions. Due to the
higher thermal velocity of the electrons, dust grains attain a net negative charge. In the orbital
motion limit (OML)[55] the floating potential of the dust grains ¢4 is given by the balance of
electron and ion currents and depends only on the electron and ion temperature T,,T; and
the ratio of the electron and ion masses m./m;. The OML-theory holds at parameters where
collisions are negligible and the dust size is much smaller than the Debye length [44, [56].
For a typical argon rf-plasma with T, = 3 eV and T; = 0.03 eV, it is ¢g = —7.5 V. The
dust charge is then given by the capacitor model [57] Qg = 4meprypq, which predicts a linear
relation between the dust charge )4 and the particle radius 74, provided that the particles
are small compared to the screening length of the plasma (ry < Ap), e.g., the dust charge
for dust particles with r4 =5 pm is Qg ~ —25.000e.

In the plasma sheath, the floating potential of the dust grains depends on the position
within the sheath and the flow of ions, collisions, and the nonneutrality of the plasma sheath
must be taken into account. Therefore, the particle charge ()4 often shows an apparently
nonlinear dependency on the particle radius r4 [8, 58], since particles of different sizes are
confined at different heights above the electrode. However, the charging of dust particles
in the plasma sheath is a current topic. In a recent article, Douglass et al. [59] argued
that there are two competing effects, which determine the particle charge: a depletion of the



6 2. FORCES AND DUST CONFINEMENT

electrons, which reduces the negative charge of particles that are confined deeper within the
plasma sheath, and the acceleration of the ions, which lowers the collection cross-section and
consequently reduces the ion current to the dust grains and therefore increases the negative
particle charge. Based on a self-consistent fluid model [60], this results in a floating potential,
which reaches its maximum value at intermediate levitation heights of the particles and can
even exceed the floating potential predicted by OML theory.

Furthermore, the dust charge might depend on the material the particles are made of.
This is known for very negative floating potentials (¢4 < —1 kV) as it can be relevant for
space plasmas. Pavlu et al. [61] have shown that the charge is limited by the field emission
of electrons, which strongly depends on the surface material. Moreover, Bronold et al. [62]
argued that in a quantum mechanical treatment surface states of the material affect the
physisorption of electrons at the dust grain surface, which can lower the sticking probability
of the electrons, and therefore the particle charge compared to the classical OML model.
However, for the experiments presented in this work, it is ¢4g = —10 V and a decharging
of the dust particles due to the field emission of electrons can safely be neglected. To my
best knowledge, there are currently no experimental measurements that show a material
dependence of the particle charge in the parameter regime that is of interest for this work.
Therefore, the material dependence of the particle charge will be neglected in the following.

2.2 Forces on dust particles

In a plasma, different forces can act on the dust particles, which can be ordered by their
scaling with the dust radius r4. For this work, the relevant forces are the force of gravity
(o< r3), ion and neutral drag force (o r3), electric field force (x r4), and the pair interaction.
Other forces, which are unimportant in the present context are described in Ref. [4], e.g.,

thermophoretic and photophoretic forces.

2.2.1 Force of gravity

The dust particles used in this work can be considered as nearly perfect spheres with radius
rq and mass density pg. Hence, the force of gravity experienced by this particles reads

4

Fy = mag = ;77 ipg - (2.1)

It is mq the dust mass and g the acceleration of gravity. Since F is proportional to rg, the
force of gravity is typically the dominating force for particles larger than a few pum and can
be neglected for nanometer-sized dust particles.

2.2.2 Electric field force

The electric field force is given by
Fr = QuE . (2.2)
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It is Qg4 the dust charge and E the electric field. For a constant floating potential ¢4 and
dust particles smaller than the Debye length, the particle charge can be deduced from the
capacitor model [57] and is given by Qg = 4meprqpq and is proportional to rg. Thus, the
electric field force is especially important for small particles, whereas for micrometer-sized
dust grains only the strong electric fields within the plasma sheath are relevant. There, the
electric field force can compensate the force of gravity and is therefore equal in magnitude.

2.2.3 Neutral drag

A particle moving at a velocity v relative to a gas experiences a friction force, which is
proportional to —v. For spherical particles much smaller than the mean free path of the gas
atoms/molecules, Epstein [63] obtained the following expression for the neutral drag force:

4
F, = fgéwr?lnnmnvthmv (2.3)

It is ny, the number density, m, the mass, T, the temperature and vy, ,, = /8kpT;/mmy
the thermal velocity of the gas atoms. The reflection coefficient 0 depends on how the gas
atoms are reflected at the particle surface and can have values between § = 1 for specular
reflection and § = 1.44 for diffuse reflection. The neutral drag force is often written in the

form F,, = —2myyv, whereas mg is the particle mass and  the gas friction coefficient, which
is given by
4
NP kS (2.4)
T TdPdVth,n

whereas p is the neutral gas pressure.

For typical dusty plasma parameters, the dust particles are usually much smaller than
the mean free path of the gas atoms Ay, €.g., rg = 10 pm and Ay, ~ 1 mm for argon at
room temperature and p = 10 Pa. Thus, the prerequisite for applying the Epstein formula is
typically well satisfied and, although the exact value of ¢ is unknown, it is in general accepted
in the dusty plasma community. The most precise measurements of the friction coefficient
for micrometer-sized particles so far suggest to choose d close to the upper limit of 6 =
1.44 [64, [65], [66]. Nonetheless, there are speculations that the Epstein formula (drastically)
overestimates the friction force [67), 68].

2.2.4 Pair interaction

A dusty plasma consists of electrons, ions and charged dust particles, whereas one fundamen-

tal property is its quasi-neutrality
Ne + Zgng —n; =0 . (2.5)

Here, n., n;, and ng are the respective number densities of the electrons, ions, and dust
particles and Z; is the charge number of the dust. The Coulomb potential around a single
charged dust grain is shielded by the ambient electron and ion populations. Assuming a
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Maxwell distribution of speeds for the electrons and ions, which is determined by the electron
and ion temperature T, and T;, and linearizing the Boltzmann factor one obtains the Yukawa
or Debye-Hiickel potential

Qu r
= - . 2.6
o(r) Tmeor P73, (2.6)
It is Q4 = —Zge the dust charge and Ap the linearized screening (or Debye) length, which is
given by
1 1 1
— =+ —, (2.7)
)\2D )\2De )\QDI
whereas Ap. and A\p; are the screening length of the electrons and ions
eokpT, eokpT;
)\2De = e2nee and )\2DZ = WZZ . (28)

As argued by Lampe et al. [69], the Yukawa potential can describe the interaction force
between particles at intermediate distances (a few Debye lengths), but it cannot be applied
close to or far from the dust grain. Especially in the vicinity of the dust particle, the Boltz-
mann factor of the ions cannot be linearized and the Yukawa potential overestimates the ion
density and therefore the screening effect of the ions. For this reason, the charge entering in
the Yukawa potential must be considered as an effective charge Qeg, somewhat larger than
the real particle charge Q4. According to Ref. [69], Qe and Qg can differ by 30% for typical
dusty plasma parameters.

The experiments presented in this thesis are performed in the plasma sheath. Here, the
quasi-neutrality of the plasma is broken and the ions are drifting with a velocity u; towards the
electrode. The kinetic energy of the ions E; = 1/2m;u? can exceed their thermal energy kpT;
by far, which has a drastic effect on the screening capability of the ions. However, Konopka
et al. [70] have shown that under these conditions the interaction force in the horizontal
direction can still be well described by a Yukawa potential, with an effective screening length
As. The question, whether this effective screening length is determined by the ions or the
electrons is still a matter of debate. Because the effective screening length As measured in
experiments is often close to the bulk electron Debye length Ap., screening is sometimes
attributed to the electrons [I], [71], [72]. On the other hand, Daugherty et al. [73] gave an ion
screening length of

2¢0F;
)‘QDi = :

2.9
. (2.9)

for a mono-energetic ion energy distribution, as it is a reasonable approximation for the
plasma sheath, when it is kgT; < FE;. Close to the sheath edge, the ion flow velocity is
typically of the order of the Bohm speed

kpTe

m;

(2.10)

up =

and the effective screening length of the ions Ap; becomes comparable to the bulk electron
Debye length Ap.. Thus, the ions still contribute to the screening effect of the plasma
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[74), [75., [76].

In order to describe the screening in the entire range from sub-thermal to super-thermal
drift velocities in quasi-neutral plasmas, Hutchinson [77] interpolated the modified screening
length as

)\2
A2 = De 2.11
= T T [k Ty + ) (2.11)

and for cold plasmas with T, /T; = 100 and u; = up it is As &~ 0.7Ape .

In this work, the Yukawa potential will be used to describe the horizontal interaction forces
between dust particles confined in the plasma sheath. In order to account for the limitations
of this model, the charge and screening length entering in Eq. will be considered as
effective values. Thus, the potential distribution around a charged dust grain is given by

o(r) = 2o op (_;) . (2.12)

 Arwegr s

2.2.5 Ion drag

Negatively charged dust particles subjected to an ion flow experience a drag force due to the
momentum transfer from the ions to the dust. The problem of determining the ion drag force
was tackled by different analytic models [56, [78] [79], simulations [77, 80] and experiments
[81L 82, 83]. For an analytical description, the total ion drag force can be written as a sum
of collection and orbit force [56]

F,=F.+F,, (2.13)

whereas the collection force F. accounts for ions that approach the dust particle with im-
pact parameters b < b, = r4[l — 2edq/(m;v2)]'/? and are collected by the dust grain. Tons
approaching the dust particle at larger impact parameters up to a maximum allowed impact
parameter Ay are deflected due to the electrostatic interaction with the dust grain and con-
tribute to the orbit force F,. Assuming a Coulomb interaction between the dust grain and
the ions and integrating over a shifted Maxwellian velocity distribution for the flowing ions,
Barnes et al. [56] obtained

F. + F, = nymuv,(mh? + 47rb3r/2 InA). (2.14)

It is u; the mean flow velocity of the ions with respect to the dust particle and vy = [u? +
8kpT;/(7mm;)]"/? a combination of the flow velocity and the thermal velocity of the ions, n;
the ion density, b,y = Ze?/(4megm,v?) the impact parameter for 90° deflection and In A the

Coulomb logarithm

A2+ b2
A=l (25/2> . (2.15)
2\ 2402,

The maximum allowed impact parameter Ay is usually chosen to the effective screening length
of the plasma. For small flow velocities, As corresponds to the linearized Debye length
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Figure 2.1: (a) Sketch of the experimental setup: An asymmetric rf-discharge burns between
the lower, driven electrode, the grounded top electrode, and the vacuum vessel. Clusters of micro-
particles are confined in the plasma sheath above the driven electrode. A cylindrical recession in
the driven electrode ensures the radial confinement of the dust particles. (b) Plasma potential
V, and voltage of the driven electrode Ve for one rf-cycle. (c) Vertical confinement of dust
particles in the plasma sheath. The time-averaged electric field (E) increases almost linearly
from the sheath edge to the electrode.

[Eq. (2.7)] and for flow velocities of the order of the Bohm speed (u; = up) Eq.
applies.

Khrapak et al. [79] argued that due to the large dust charge, the range of the ion-
grain interaction can exceed the Debye sphere. Therefore, a modified Coulomb logarithm is
proposed taking all ion trajectories into account, whose closest approach to the dust grain
is smaller than Ag resulting in higher values of the ion drag force compared to the standard
theory. In particular, this enhancement is found for sub-thermal flow velocities, which could
not be confirmed by the measurements performed by Zafiu et al. [82].

For the experiments presented in this thesis, the ion flow velocities are typically close to
the Bohm speed (u; ~ up) and the dust particles are much smaller than the effective screening
length (rq < As). In this parameter regime, both models by Barnes [56] and Khrapak [79]
do not differ much and are in fair agreement with the simulations by Hutchinson [77, [80].
Therefore, the simple treatment of the ion drag force presented here is sufficient for the
interpretation within this thesis.

2.3 Confinement of dust clusters

In this work, clusters of micrometer-sized dust particles are confined in the sheath of a
capacitively-coupled radio-frequency (rf) discharge. A sketch of the experimental setup is
shown in Fig. a). A rf-plasma burns between the lower electrode, which is driven by a
rf-voltage, and the grounded top electrode. Since the electrodes are mounted into a vacuum
vessel, which is grounded as well, the chamber acts as an additional electrode and the effective
surface of the grounded electrode becomes larger than the surface of the driven electrode.
The plasma potential V,, and the voltage at the driven electrode Vg, for one rf-cycle are
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shown in Fig. 2.1b) as it is described in Ref. [84]. Characteristic for such an asymmetric,
capacitively-coupled rf-discharge is a negative dc-bias at the driven lower electrode, which is
roughly half the amplitude of the rf-voltage. The potential difference between the plasma and
the electrode is primary across the plasma sheath, where the quasi-neutrality of the plasma is
broken and a net positive space charge p is found. Thus, there is a relatively strong dc-electric
field within the plasma sheath from the positive plasma to the negatively biased electrode.

The sheath electric field exerts an electric field force Fg on the negatively charged dust
grains immersed into the plasma and can compensate the force of gravity F,. One important
feature of the rf-sheath is that the sheath is periodically flooded with electrons during a short
fraction of the rf-cycle and collapses when the potential of the electrode becomes equal to
the plasma potential. Thus, the dust particles are still subject to a negative charging current
and they can keep their high negative charge. Furthermore, the dust particles and the ions
are too heavy to react to the rapid oscillations of the sheath electric field and the forces on
the particles are only determined by the time-averaged electric field (F). The time-averaged
charge density in the plasma sheath is to a good approximation constant [58] and the sheath
electric field (E) increases linearly from the sheath edge to the electrode. Thus, dust particles,
which are not too heavy, are confined at a well defined height above the lower electrode, when
the electric field force and the force of gravity are in balance (Fp = F;). The confinement
in the vertical direction is to a good approximation harmonic, since the electric field force
increases linearly towards the electrode as it is sketched in Fig. [2.1{(c).

The horizontal confinement of the particles is realized by a cylindrical recession within
the lower electrode, which gives the sheath electric field a small component in the horizontal
direction, see Fig. [2.1(a). The horizontal confinement of the dust particles is usually much
weaker than the vertical confinement. Therefore, ensembles of almost identical particles,
which nearly have the same mass, are confined in a mono-layer above the driven electrode
and can form two-dimensional (2d) dust clusters [12, 13} [14] [15]. Characteristic for these dust
crystals is a relatively large coupling parameter

Q3

=—¢ 2.1
drepawskpTy (2.16)

It is aws = (4mng/ 3)*1/ 3 the Wigner-Seitz radius and T} the kinetic temperature of the dust.
For I" > 1 the electrostatic interaction energy of neighboring particles exceeds the thermal
energy of the dust particles and the cluster is said to be in a strongly-coupled state. Under
these conditions, the dust particles typically exhibit a fluid-like behavior and for I' > 170
a transition into a solid-like phase can be observed [85, [86], which is the case for the dust
clusters presented in this work.

2.4 Plasma magnetization

One focus of this thesis are magnetized plasmas. Here, I like to make clear what “magne-
tization” in the context of this work means and to introduce suitable quantities to measure
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the degrees of plasma magnetization. Artificial and natural magnetic fields cover more than
18 orders of magnitudes of magnetic induction. From nT fields in the heliosphere, to the
earth magnetic field (31 T at 0° latitude), to conventional electro magnets (1-100 mT), to
the maximum field strength of SULEIMAN (4.34 T, superconducting magnet used for this
thesis), to the strongest pulsed artificial magnetic field boosted by explosives (2800 T) [87], to
the extreme magnetic fields of a magnetar (0.1-100 GT, special type of a neutron star) [8§].
So, the question is, at which field strength is the dynamic of a (dusty) plasma substantially
modified by the cyclotron motion of the charged plasma species?

There are different dimensionless measures of magnetization that are in use. Here, the
quantities are introduced for the ions and can be defined like-wise for the electrons and the
charged dust particles. Typically, the length or time scale of the ion cyclotron motion (Larmor
radius r7; or inverse cyclotron frequency 1/w,;) is related to a characteristic length or time
scale. In Ref. [89] the ratio of the dust (or probe) radius ry to the averaged Larmor radius
is used. In this work, however, the dust particles are almost point-like, i.e., they are much
smaller than the Larmor radius of the ions, the screening length or the ion mean free path.
Therefore, the ratio r4/rr; is not a suitable quantity to measure magnetization in this work.
Another parameter that occurs naturally, e.g., in linear-response theory [41l 42| [43] is the
ratio of cyclotron frequency and plasma frequency, f5; = we;/wpi, which is equivalent (up to
a numerical factor of the order of unity) to the ratio of Debye length and Larmor radius.
Thus, the plasma exhibits features of magnetization, when the time scale of (ion) plasma
oscillations and waves 1/wp; becomes comparable to the time scale of the cyclotron motion
1/wei, i.e., the Larmor radius rp; fits into the Debye sphere. Furthermore, the magnetization
of the ions can be suppressed by collisions. The plasmas that are of interest for this work
have an ionization degree of the order of 107% and the ions primarily collide with the neutrals.
The Hall parameter H; = w; /v, relates the cyclotron frequency to the ion-neutral collision
frequency and H; 2 1 can be seen as a necessary condition to speak of magnetization, as
in the limit of H; < 1 the ion cyclotron motion is completely suppressed by ion-neutral
collisions.

In this work, the electrons, ions or dust particles are said to be magnetized, when the
respective Hall parameter H, and (3, exceed unity. (The index z = e,i,d stands for the
electrons, ions and dust). Thus it is

Wex Wex

H, = >1 and G, =

Ven Wpx

>1. (2.17)

Since the charge-to-mass ratio of the electrons, ions and the dust differs by orders of mag-
nitude, and so the respective cyclotron frequencies, this naturally defines three regimes of
plasma magnetization. For clarity, we will use the following terminology to distinguish these
three regimes of magnetization, as introduced by Sato et al. in Ref. [48]. Weak magneti-
zation: Electrons are magnetized, ions and dust are not. Strong magnetization: Electrons
and ions are magnetized and the dust is not. Ultra-strong or full magnetization: All plasma
species are magnetized.
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Precision resonance measurements

In this chapter, the phase-resolved resonance method (PRRM) is introduced, which is the ba-
sis for the measurements of the ion-wake-mediated particle interaction presented in Sec.
Here, the focus lies on single particle systems, whereat PRRM allows to determine the
strength of the (vertical) confinement and the gas friction force with high precision in com-
parison to established techniques. Since PRRM is critical for the conclusions drawn in this
thesis, the aim of this chapter is to demonstrate the accuracy and reliability of PRRM in
three specific applications: In Sec. the longtime stability of MF-particles is evaluated. A
quantitative comparison of the neutral drag force in comparison to the Epstein model is made
in Sec. [3.3] and the possibility of using the continuous mass loss of PMMA-particles to probe
the plasma sheath is demonstrated in Sec. This chapter is based on my publications
and .

The dust charge is the key parameter for the understanding of structural and dynamic
properties of dusty plasmas. Therefore, experimental techniques allowing an accurate mea-
surement of the dust charge are very much desirable. In a gaseous or vacuum environment
the charge of micrometer-sized particles (or oil drops) can be measured with high precision,
see, e.g., Millikan’s famous oil drop experiment [90] or dust particles confined in a Paul trap
[91]. In a plasma, however, the experimental determination of the dust charge remains to
be a challenge, since external electric fields are shielded by the plasma and may influence
the charging process. Furthermore, the dust charge fluctuates on a us-timescale, because of
the discreteness of the ion and electron currents [92], and in practice we are restricted to a
measurement of the time-averaged dust charge. In the following, the phrase “dust charge”
will always refer to the time-averaged value, if not otherwise mentioned.

One standard technique to determine the charge of single dust particles is the resonance
method [14, 93, 94]. A dust particle confined in the plasma sheath can be set into vertical
oscillation by applying an external periodic force, e.g., by modulating the electrode bias
[T4, 93] or by using a pulsed laser beam to exert photophoretic forces [94]. Tuning the
driving frequency allows to measure the frequency response function of the particle from
which the confinement and friction forces can be deduced. When the oscillation amplitude
is not too large, e.g., less than 20% of the sheath width [58], the dust particle behaves like a
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driven damped harmonic oscillator and the equation of motion reads
£+ 29E 4 wiE = Ke™t | (3.1)

Here, £ is the excursion from the equilibrium position, wy the confinement frequency, and K
the amplitude of the sinusoidal driving force. The neutral drag force damps the oscillation
and can be described by a friction coefficient -+, which is typically in good agreement with
the Epstein formula [Eq. ] The confinement frequency wyg is a measure of the strength
of the (vertical) confinement and is related to the dust charge Qg by

B = 1B = - [ 22 () +

m 0z m

9Qa(z) _ Qae(n; —ne)
L) )| w TAAT) - (39)

€0
It is F the vertical sheath electric field (E = Ee,), whereas )y and F may depend on the
vertical position within the plasma sheath z. Thus, if the particle mass mg is known, a
measurement of wy does only allow to determine the gradient of the product FQg. If one
is interested in ()4, the charge gradient and the sheath electric field must be known. Often
0Qq/0z = 0 is assumed [14], 93, 05] and OF/Jz = p/ey is replaced by the charge density
in the plasma sheath p = e(n; — n.) by applying the Maxwell relations, which yields the
right-hand side of Eq. . Even in this approximation a reliable absolute measurement
of Qg is difficult, because estimates of the charge densities n. and n; are usually subject
to large uncertainties typically obtained from sheath models and plasma diagnostics in the
plasma bulk. This limitation can be overcome by directly measuring the electric field in the
plasma sheath with spatial resolution, e.g., by means of emissive probes [95], which itself is
a challenging task and may have a feedback on the plasma sheath. Therefore, it is difficult
to determine the absolute dust charge from resonance measurements with high precision.
Nonetheless, Tomme et al. [58] have shown that the charge density in the plasma sheath
[p = e(n; — ne)] is almost constant in a wide parameter space. Thus, precise resonance
measurements are ideally suited to resolve even small changes of the charge-to-mass ratio
of the dust particles, which is shown in the following. For this purpose we have introduced
the phase-resolved resonance method (PRRM) in [A.4], allowing a precise determination of
the confinement frequency wg. Because of this high accuracy in comparison to established
resonance measurements [14] 93] 94], we have found that dust particles confined in the plasma
sheath can be subject to small mass changes, which we have not been aware of so far. In the
following it is shown that melamine formaldehyde (MF) particles suffer from a mass loss due
to the outgassing of water and/or a mass gain due to the coating with material sputtered
from the electrode. Especially for longtime measurements, these processes might lead to
systematic errors if not taken into account. PRRM also allows a precise measurement of the
gas friction force experienced by the dust particles. Here, the opportunity is taken to make a
quantitative comparison to the Epstein theory [Eq. } in a wide parameter range relevant
for numerous dusty plasma experiments. Furthermore, the simultaneous measurement of the
confinement frequency wg and the gas friction coefficient v allows to monitor the continuous
mass loss of a polymethyl methacrylate (PMMA) particle and to probe the plasma sheath



3.1 Phase-resolved resonance method (PRRM) 15

12 '
a

(@) —1__grounded electrode | 10}
o pmma °l
camera D @ dust particle % 6
. = 4}

|tr|g|ger driven electrode _5
1 UQ 2 [
trigger | '\L band-pass match é 0f

signal | {32110 Hz -100 kHz | pox ©
'L function 13.56 MHz 2|
generator rf-generator 4}

40 60 w, 80 100

Figure 3.1: (a) Sketch of the experimental setup (not true to scale). (b) Exemplary resonance
curves: Excursion of the dust particle &, at phase ¢ = 0° (squares) and ¢ = 90° (crosses) w.r.t.
the excitation signal versus excitation frequency w. The full lines are a fit of the driven damped
harmonic oscillator model [Eq. ] taking into account the transfer function of the band-pass
filter. For comparison, the standard amplitude resonance is shown in black (circles).

with high spatial resolution, which allows a comparison to current models of dust charging
and confinement in the plasma sheath [59].

3.1 Phase-resolved resonance method (PRRM)

The phase-resolved resonance method is a modification of the classical resonance method
[14, 93] and was introduced in Ref. . The main idea is to measure phase and amplitude
of a forced oscillation instead of the amplitude only [14, 93]. PRRM improves resonance
measurements by one order of magnitude in precision and is especially sensitive to the con-
finement frequency wg. This high resolution has led to new applications that will be presented
in the subsequent sections.

A sketch of the setup is shown in Fig. m(a). A single or a few dust particles are confined in
the plasma sheath above the driven electrode. These particles are set into vertical oscillation
by a sinusoidal modulation of the electrode bias at low frequencies fex = 1...50 Hz supplied
by a function generator. A capacitively coupled band-pass filter protects the output of the
function generator from the self-bias of the driven electrode and the rf-voltage. A camera,
synchronized with the function generator, allows to measure the particle position z, at any
phase angle ¢ with respect to the excitation signal. The excursion from the equilibrium
position £, at phase ¢ can be determined offset-free by making use of §, = %(zq, — Zp4180°)-
Resonance curves are obtained by measuring £go and &ggo for different excitation frequencies
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w = 27 fex for a constant low frequency amplitude [see Fig.[3.1(b)]. For a sinusoidal oscillation,
&oo and Egpo can be treated as the real and imaginary part of the complex amplitude A(w) =
a(w)+ib(w) and are sufficient to determine the (absolute) amplitude |A(w)| = y/a(w)? + b(w)?
and phase ¢(w) = atan[b(w)/a(w)] of the particle oscillation. The theoretical frequency
response for a driven damped harmonic oscillator can then be fitted to the measurements
[see Fig. B.1|(b), full lines]. In practice, the band-pass filter causes an additional phase shift
and damps the oscillation and must be taken into account. In the present experiment, the
transfer function of the filter in the low-frequency limit is given by that of a RC-high-pass
with a cut-off frequency around weyt =~ 27 - 10 Hz. The confinement frequency wg and the
gas damping coefficient v are fit parameters and can be determined with high precision. The
lo-error of the fit parameters can be calculated from surrogate data as described in Ref. [96].
For resonance curves similar to those shown in Fig. [3.1(b), the relative error is typically
o(wp)/wo < 1073 and o(v)/y < 1072, Thus, PRRM allows to determine wy up to three
significant digits, which is an improvement in precision of one order of magnitude compared
to the standard resonance method. This improvement is mainly due to the steep gradient of
$(A(w)) at wo compared to the amplitude resonance |A(w)| used in Refs. [14], 93] 04], which

attains its maximum close to wgy at the resonance frequency wyes = \/wg —2v2 [Fig (b),
black curve].

3.2 Stability of MF-particles in a plasma environment

Melamine formaldehyde (MF) particles are one of the most widely used particles in dusty
plasma experiments. The main advantages are the small size distribution, typically it is
o(rq)/rq =~ 1.5%, the nearly perfect spherical shape, and the fact that the mass density
of the particles is given by the manufacturer with four significant digits py = 1.514 g/cm?
[97]. Thus, in most experiments the error of the particle mass is assumed to be negligible.
However, Pavlu et al. [91] found that there might be a problem with the longtime stability of
the MF-particles. There, charged MF-particles were confined in a Paul trap under ultra-high
vacuum conditions (UHV). It turned out that the particles were subject to a mass loss of a
few percent over several days. This mass loss was most likely due to the outgassing of water
incorporated within the MF. The high sensitivity of PRRM for the confinement frequency of
single dust particles and their charge-to-mass ratio [Eq. ] offers the possibility to study
the longtime stability of MF-particles in a plasma environment. It is the aim of this section
to show that MF-particles in plasma are also subject to mass changes, but the time scales of
this processes are of the order of hours instead of days, as it is the case under UHV conditions
[91]. This section is based on my publication [A.4].

In order to study the longtime stability of MF-particles and to ensure that there is no drift
of the plasma parameters over extended times, the plasma discharge was given more than one
day time to reach stable conditions and the pressure and the rf-voltage were monitored for
the entire measurement time. Then, single MF-particles were confined in the plasma sheath
and the confinement frequency wy was measured by means of PRRM for several hours. In
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Fig. 3.2(a), the time evolution of wy for two different measurement series is shown, one for
a low rf-voltage of U,y = 240 V,, and one for a high rf-voltages of U,y = 340 V,. Both
measurements were performed at moderate gas pressures of p = 9 Pa (argon). Obviously,
wo and with it the charge-to-mass ratio cannot be assumed constant on a time scale of a
few hours. In addition, there are at least two mechanisms affecting the particle. At low
rf-voltages, wg increases while at high rf-voltage a monotonic decay is found.

At low rf-voltages, the increase of wy saturates after approximately 10 hours. This trend
and especially the saturation can be explained by a small mass loss due to the outgassing
of water as reported by Pavlu et al. [91]. If the outgassing process affects primarily the
particle mass, the drift of the confinement frequency corresponds to a mass reduction of
approximately 10% within 10 h. This value is in good quantitative agreement with the
findings presented in Ref. [91], but the time scales are much shorter, hours instead of days.
One possible explanation for this acceleration of the outgassing process might be the heating of
the particles due to the ambient plasma, e.g., due to the recombination of electrons and ions at
the particle surface [98]. Moreover, these findings are in agreement with a thermogravimetric
analysis performed with a small sample of MF-particles. Heating up the MF-sample to 100°C
at atmospheric pressure, the sample loses 10% of weight. Thus, these consistent findings are
a strong indication that MF-particles in plasma environment are subject to a mass loss due
to the outgassing of water.

For higher rf-voltages, a nearly linear decrease of wy is observed [Fig. [3.2(a)]. Here, the
measurement series was started a few hours after the particle had been dropped into the
plasma, so that the measurement was not superimposed by the outgassing process. One
possible explanation for this decrease of wy could be the coating of the dust grain with ma-
terial sputtered from the driven electrode. To confirm that material was sputtered from the
electrode, a small slice of a Silicon wafer was placed at the electrode under identical plasma
conditions. Then, the surface of the Silicon wafer was analyzed by means of photo-electron
spectroscopy (XPS). Among others, the XPS measurements showed iron and fluorine impu-
rities, which is reasonable, because the electrode is made of stainless steal and the insulator

consists of PTFE (polytetrafluoroethylene).

Thus, the particle mass as given by the manufacturer should be used with care for MF-
particles confined in the plasma sheath, since a mass loss or gain of 10% is not negligible
compared to the mass distribution given by the manufacturer (o(mg)/mg = 4.5%) and might
result in a systematic error, when the particle mass is a critical parameter. Because the
time scales of these processes are hours, this can safely be neglected, when the particles are
in contact with the plasma only for a few minutes, but for longer measurement series one
should be aware of this issue. These measurements also demonstrate that PRRM can easily
resolve changes of the charge-to-mass ratio of the order of a few percent. I like to mention
that PRRM even allows to resolve the narrow size (mass) distribution of MF-particles, as it
is discussed in detail in Ref. .
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Figure 3.2: (a) Time evolution of the confinement frequency wy of a single MF-particle confined
in the plasma sheath at low (squares) and high (circles) rf-powers. (b) Gas friction coefficient
~ versus pressure p for pm MF-particles (rq = 6.0 pum) in different noble gases. The full line
represents the Epstein formula Eq. with § = 1.44. Taken from [A.7].

3.3 Measurement of the friction force and comparison to the
Epstein theory

It is the aim of this section to show that PRRM does not only give a precise measurement
of the confinement frequency wg, but also of the friction coefficient +, which determines
the width of the resonance peak and is important for the measurements presented in the
subsequent section [3.4] There, PRRM is used to monitor the continuous mass loss of a single
PMMA-particle and to probe the plasma sheath. Here, the opportunity is taken to make a
quantitative comparison to the Epstein theory [Eq. ], which applicability is sometimes
questioned in the context of dusty plasma experiments.

Although the applicability of the Epstein formula is in general accepted, a precise value
of the reflection coefficient 0 [see Eq. ] or its dependence on parameters like the gas type,
pressure, material of the particles, temperatures, etc. remains unclear. Besides, there are
speculations that the Epstein formula is not applicable at all and drastically overestimates
the real friction force experienced by the particles moving in a gaseous environment [67, 68].
Anyway, there are a few carefully performed experiments, dedicated to show the applicability
of the Epstein law and to determine the reflection coefficient §, but these measurements where
usually performed in a very narrow parameter regime [64} (65, 66], e.g., three different particle
sizes at one gas pressure [64]. There, the consistent result is that the reflection coefficient
is close to the theoretical upper limit of § = 1.44, i.e., the reflection of the gas atoms at
the particle surface is more diffusive than specular. The motivation for the experiments
described in this section was to make an accurate measurement of the friction force in a

wide parameter range representative for many dusty plasma experiments. For this reason,
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we have chosen a pressure range from 1 Pa to 100 Pa and different noble gases as working
gas. Since MF-particles are the workhorse of dusty plasma physics, the measurements were
performed with MF-particles. Here, relatively large particles (ry = 6.0 ym) are used, because
we expect deviations from the Epstein formula, when the condition rq < Ay, is violated at
the transition from Epstein to Stokes friction. It is A, the mean free path of the gas atoms.

In Fig.[3.2(b), the gas friction coefficient v as measured by PRRM is plotted versus the gas
pressure p for the noble gases helium, neon, argon, and krypton. There, a linear dependence
of the friction coefficient on the gas pressure is found for the whole pressure range and all
gases, as it is expected. For a quantitative comparison, a gas temperature of T' = 300 K and
a reflection coefficient of § = 1.44 is assumed, represented by the full lines in Fig. [3.2(b).
Within the error margin a good quantitative agreement between the measurements and the
Epstein law is found under the assumption that ¢ is close to the upper theoretical limit. Here,
the gas temperature T}, is not a critical parameter, because the gas friction coefficient scales
as v o< v/T;, and a small error of the temperature estimate results only in a minor correction
of ~.

As denoted by the error bars in Fig. [3.2(b), the major uncertainty of this measurement
series results from the pressure measurement, which typically has a good reproducibility of
less than one percent, but a possible systematic deviation of 5%, which must be taken into
account, when making a quantitative comparison. Here, this inhibits a more precise determi-
nation of the reflection coefficient §, although PRRM is capable of measuring the gas friction
coefficient with better than 1% precision.

Thus, we have shown that for MF-particles in a noble gas environment and pressures
between 1 Pa and 100 Pa, the gas friction coefficient can be well described by the Epstein
theory [Eq. (2.4)] with a reflection coefficient of § = 1.44 & 0.15 [99], which is in good
agreement with the findings presented in Refs. [64) (65, 66]. A drastic discrepancy between
the Epstein theory and the measured damping rate as reported in Refs. [67, 68] could not
be confirmed. However, there is still room for improvement and the combination of PRRM
with a more sophisticated pressure measurement might be a promising way to determine the
reflection coefficient down to 1% precision.
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3.4 Probing the plasma sheath by the continuous mass loss of
a PMMA-particle

The structure of the plasma sheath is of importance for many plasma applications, because
this is the region were ions are accelerated and gain energy, which strongly affects the effi-
ciency of, e.g., sputtering and etching processes. In dusty plasmas, many experiments are
performed in the sheath of collisional rf-discharges so that a detailed understanding of the
sheath structure as it determines the confinement and charging of the dust particles is of
high interest. The diagnostics of the plasma sheath, however, remains to be a challenge,
since standard electrostatic probes are difficult to apply as they are a major disturbance
to the plasma sheath. Other techniques, e.g., spectroscopic methods [100], usually require
higher plasma densities and are difficult to apply at parameters relevant to dusty plasma
physics. A new approach to tackle this diagnostic problem is to use dust particles as probes
[98, 10T} 102], as they are usually only a minor disturbance to the plasma sheath. One way is
to measure the confinement frequency wq of particles confined at different levitation heights
z. Then, an integration of Eq. gives a spatially resolved force profile F'(z) = E(2)Qq(z),
which can be set into relation with different sheath models. There are different approaches to
measure wy at different positions. One way is to use particles of different sizes (and masses)
confined at different levitation heights [101), 103, 104, 105]. The spatial resolution of this
technique is limited by the number of available particle sizes, which can be improved by
measuring the nonlinearity of large-amplitude oscillations [102]. Another idea to control the
levitation height is to introduce an additional thermophoretic force, which has the advantage
that particles of just one size can be used [I06]. One problem with this technique is that the
heating of the electrodes can alter the neutral gas and plasma density, which has an unwanted
feedback on the plasma sheath [I07]. Beckers et al. [§] used a similar approach, but instead
of a thermophoretic force, they mounted the entire experiment on a centrifuge. In this way,
they were able to effectively increase the acceleration of gravity (hyper gravity) and to probe
the plasma sheath with a single particle without altering the plasma conditions.

The aim of this section if two-fold. First, I like to present a complementary approach
to the hyper gravity experiments [8] and to probe the plasma sheath by making use of a
continuous mass loss of a single PMMA-particle, which results most likely from (chemical)
sputtering processes at the surface of the particle. Here, the phase-resolved resonance method
(Sec. is used to monitor this sputtering process, while the PMMA-particle moves slowly
through the plasma sheath. Furthermore, I will compare the measurements presented here
to a recent model of particle charging in the plasma sheath developed by Douglass et al. [59].
This section is based on my publication [A.7].

The floating potential ¢4 of dust particles confined in the plasma sheath depends on the
position within the sheath. This typically leads to a nonlinear dependence of the particle
charge Q4 on the dust radius ry, since particles of different sizes (masses) are confined at
different heights above the electrode z and it is Qg = 4mwegdqry according to the spherical
capacitor model [57] for dust particles with ry < Ap. At first glance, there are contradicting
experimental findings. The hyper gravity experiments performed by Beckers et al. [8] show
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Figure 3.3: (a) Time evolution of the confinement frequency wq (green line), the gas friction
coefficient ~y (blue line), and the particle radius r4 (red line) for a single PMMA-particle confined
in the plasma sheath. The straight gray line is a linear regression yielding an initial particle
radius of ro = 10.8 pm and an effective sputtering rate of « = 0.57 pm/h. (b) Effective spring
constant D representing the strength of the vertical confinement versus levitation height above
the lower electrode z as obtained from the measurement (a) and the sheath model [59]. Taken

from .

that the particle charge becomes less negative, when the dust particle is pushed deeper into
the plasma sheath. On the other hand, we have found that the floating potential of dust
particles confined deeper within the plasma sheath becomes more negative by probing the
dust-dust interaction by means of centrifugal forces, as it is presented in Sec. of this
work and published in |A.3]. There, a nearly quadratic scaling of the particle charge on the
dust radius is found, which had been observed by, e.g., Tomme et al. [58] as well. These
contradicting findings were tackled by Douglass et al. [59] by means of a charging model based
on a self-consistent fluid model for the plasma sheath [60] taking two competing mechanisms
into account, which affect the dust charge: a depletion of the electron population towards the
electrode, which lowers the negative dust charge, and an acceleration of the ion flow, which
lowers the ion-collection cross-section of the dust particles and makes the particles more
negative. There, it is found that the particles attain their most negative floating potential
(highest negative charge) at intermediate levitation heights. Therefore, one explanation for
the different experimental findings is that in our experiments and those by Tomme et
al. [58] the particles were confined above this maximum of the floating potential and in the
hyper gravity experiment [8] the dust particle were pushed below this maximum.

To show experimentally that there is indeed such a maximum of the negative floating
potential of the dust grains, we confined a relatively large and heavy PMMA-particle deep
within the plasma sheath. As found for the MF-particles presented in Sec. the ambient
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plasma results in a slow and continuous mass loss. Here again, we measured the gas friction
coefficient v and the confinement frequency wg by means of PRRM. The time evolution of
these two quantities is shown in Fig. a). In contrast to the MF-particles, there is no
saturation of wy(¢) and this monotonic increase cannot be attributed to a release of gas incor-
porated within the PMMA-particle. Another possible mechanism is the reactive sputtering
of PMMA due to oxygen impurities, as found by Zeuner et al. [I08] for PMMA in an argon
discharge. Furthermore, the sputtering of PMMA by the impinging argon ions might con-
tribute to this process. For such a (reactive) sputtering process we would expect a constant
sputtering rate since the discharge parameters are kept constant. And this is exactly what
we see. The friction coefficient y is inverse proportional to the particle radius and therefore
allows to determine 74 [see Eq. ] For a quantitative determination of the particle radius,
we have calibrated this measurement by making use of MF-particles with a well-defined size,
for details see Ref. [A.7]. In Fig. 3.3|a) the particle radius rq is plotted versus the time ¢
and can be well described by a linear decay. A linear regression yields an effective sputtering
rate of @ = 0.57 um/h and an initial particle radius of 79 = 10.8 pum, which agrees well
with the size given by the manufacturer [97] of the PMMA-particles [rg = (10.9 +0.18) pm].
Over the entire measurement time of 18 h, the radius of the PMMA-particle is reduced from
ro = 10.8 pym to r4 < 1 um. Thus, the particle has lost more than 99% of its initial mass,
which affects the levitation height of the particle z above the electrode. At the beginning
of the measurement the particle is confined deep within the plasma sheath and at the end
it levitates close to the sheath edge. Here, I like to mention that we are not sure about
the physical process affecting the PMMA-particle. Therefore, I will use the phrase effective
sputtering for this process in the following.

In order to perform a quantitative comparison with the model of particle charging in the
plasma sheath by Douglass et al. [59], we introduce the quantity

oF 6¢d mdwg
<¢d 2z "2 ) dmegry (3:3)

which can be interpreted as an effective spring constant being a measure of the strength of
the (harmonic) confinement, see Eq. . This allows us to avoid the problem of separating
E and ¢4 (or E and Qg = 4mwegrqypq), whereas D can be easily deduced from the measure-
ments presented in Fig. [3.3(a) and the theoretical curves from Ref. [59]. This is shown in
Fig. 3.2(b). The parameter D is plotted versus the levitation height of the particle above
the lower electrode z. Obviously, both curves do not coincide, which may be explained by a
difference in the gas pressures p. In the model p = 20 Pa is assumed, while the experiment
was performed at p = 11.5 Pa for technical reasons. Nonetheless, both curves show a distinct
maximum and a steep decrease towards the sheath edge. The absolute values of D are of the
same order of magnitude, whereas the maximum of the measurement is larger compared to
the model, which is reasonable, because the voltage drop about the sheath is approximately
the same and the model is more extended in the z-direction. Therefore, the electric fields in
the model and the parameter D are smaller compared to the measured values.
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In conclusion, the model [59] and the presented measurements show a distinct maximum
of the effective spring constant D at intermediate heights above the electrode. Therefore,
these measurements strengthen the findings of Douglass et al. that the charge of dust par-
ticles becomes most negative at intermediate levitation heights. There, the maximum of D
corresponds to the position where the floating potential ¢4 becomes maximal. This gives
a reasonable explanation for the almost quadratic scaling of the particle charge Q4 on the
particles radius 74 as it is found by Tomme et al. [58] and in the measurements presented in
Sec. since for particles that are confined above this floating potential maximum, a dis-
proportional increase of the particle charge on the particle radius is expected. Furthermore,
for dust particles that are confined below this maximum and pushed deeper into the plasma
sheath, e.g., by hyper gravity [§], a lowering of the particle charge is expected.

Besides the physical aspects discussed above, this shows that precision resonance mea-
surements are ideally suited to improve the idea of using dust particles as plasma probes.
The spatial resolution obtained here exceeds the resolution of the measurements described in
Refs. [103, 104} 105, 109] by far. The effective sputtering of a single particle does not affect
the plasma sheath, as it might be the case when applying a thermophoretic force [106, [107].
In addition, the experimental setup is not as complex as it is required for measurements
under hyper gravity [8]. A disadvantage is the long time a single measurement series needs
(several hours), during which constant plasma parameters are required.
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4

Dust clusters in rotation

This chapter is devoted to the effects of rotational motion on the structure and dynamics
of dust clusters. Cluster rotation occurs naturally in magnetized plasmas (see Sec. and
the physics of rotating and magnetized dust ensembles are closely related because of the
mathematical equivalence of Lorentz and Coriolis force (Larmor theorem [51]). The aim is
to show how even modest rotation frequencies of a few Hz can modify the behavior of dust
ensembles and to clearly separate the effects of rotation from the influence of magnetic fields
(chapter |5)). This chapter is based on my publications , where these aspects
have been addressed experimentally for the first time in the context of dusty plasma physics.

In the following Sec. the dust centrifuge is introduced, which allows to set dust clusters
into rotation without disturbing the plasma. The basic idea is that a rotating top electrode
can act as a neutral gas drive, which in turn sets the cluster into rotation. Neutral gas flows
driven by ion-neutral collisions may contribute to the rotation of dust clusters in the presence
of magnetic fields as it is discussed in detail in Refs. [A.1], [110, 111} 112] and Sec. of this
work. There, the assumption is made that the gas flow is in a laminar flow regime and that
at surfaces of, e.g., the electrodes a no-slip boundary condition applies for the gas flow, which
results in a sheared rotation of the neutral gas column in front of the electrode. Here, this
assumption of laminar gas flows is proven for typical dusty plasma parameters. The rotating
electrode can be used as a well-defined neutral gas drive, which allows to make a quantitative
comparison between experimental observations and a laminar flow model.

The maximum rotation frequencies of the dust clusters € realizable by the dust centrifuge
can exceed the radial confinement frequency w, of the clusters. For such high rotation fre-
quencies the structure and dynamics of the cluster is modified and two pseudo-forces appear
in the frame of the rotating dust cluster. The first is the centrifugal force, which effectively
weakens the (harmonic) confinement and allows to probe the dust-dust interaction forces as
it is discussed in Sec. The horizontal interaction force is found to be well reproduced
by a Yukawa potential [Eq. ] being in agreement with the observations presented in,
e.g., Ref. [70] and linear response theory for flowing plasmas [69]. Here, the effective charge
Qe entering in the Yukawa potential can be determined from the experiment and is set into
relation to current models of particle charging in the plasma sheath [59] that are discussed in
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Sec. of this work. Furthermore, the question whether the screening in the plasma sheath
is dominated by the electrons [I} [71), [72] or ions [74 75, [76] is addressed by comparing the
measured Debye length As to the screening length of the electrons and ions [Egs. and
Z9)].

The second pseudo-force appearing in a frame of a rotating dust cluster is the Coriolis
force, which is put into focus in Sec. [£.3] The Coriolis force is found to modify the oscillation
spectra of a rotating dust cluster. Here, the similarity between rotating and magnetized
dust clusters is discussed, which originates from the mathematical equivalence of Coriolis
and Lorentz force (Larmor theorem [5I]) and allows to mimic the effects of magnetization.
Similar concepts have been successfully applied in, e.g., rotating Bose-Einstein condensates
[113, (114] (115, [L16].

4.1 The dust centrifuge and the proof of laminar gas flows

The dust centrifuge is a new experimental approach to set dust clusters into rotation and to
exert centrifugal and Coriolis forces on dust ensembles leaving the plasma and the charging
of the dust practically unaffected. A sketch of the experimental setup is shown in Fig. a).
The basic idea is to make use of the frictional coupling between the electrodes, the neutral
gas, and the dust particles. A disk is used as a top electrode, which rotates at a constant
angular velocity, and sets the entire neutral gas column into a vertically sheared rotation,
which in turn convects the dust clusters that are confined in the plasma sheath above the
driven electrode. The purpose of this section is to show that the neutral gas flow is still
in a hydrodynamic regime and can be described by the Navier-Stokes equation assuming
a no-slip boundary condition at the surfaces, i.e., the gas sticks to the electrodes and the
chamber walls, resulting in a laminar sheared gas flow in front of the driven electrode. Here,
the assumption of a laminar gas flow is proven experimentally, which is a prerequisite for the
ion-driven neutral wind model presented in Sec. and Refs. [110] 1111, 112].

To characterize the neutral gas flow, the Reynolds number Re, the Mach number M and
the Knudsen number Kn are taken into account. For a slow rotation of the upper electrode
with a frequency of feec = 1 Hz it is

Re = ”’1“77’1[{%0.07 . M=uv,/e< 1 and Kn=Ang/H~001, (4.1)
whereas 1 = 22 x 1070 Pas is the dynamic viscosity of argon at low gas pressures and room
temperature [I17], H = 10 cm is a characteristic length scale for the flow problem, e.g., the
distance between the electrodes, p, = 1.6 x 10~% kg/m? is the density of argon at p = 10 Pa,
u, = 0.1 m/s is a characteristic flow velocity, ¢ &~ 320 m/s is the sound speed in argon
and Ay ~ 1 mm the mean free path of the argon atoms. Therefore, we can treat the
gas flow as incompressible, since it is M < 1. Furthermore, we will neglect inertial forces.
This approximation is well satisfied for the gas flow close to the lower electrode, there it is
up < 0.01 m/s and Re < 1. For the gas flow close to the rotating electrode Re, can be of the
order of 0.1 and this approximation might lead to a small systemic error. In this limit, only
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Figure 4.1: (a) Sketch of the dust centrifuge. The glass tube between the electrodes is only
used for the analysis of the neutral gas flow. (b) Rotation frequency 2 of the dust cluster
versus levitation height above the driven electrode z (symbols) for different distances between
the electrodes (heights of the glass tube) H and rotation frequencies of the upper electrode fejec.
For comparison, the lines represent the laminar flow model Eq. .

the viscous forces are balancing the externally applied force and the Navier-Stokes equation
reduces to the Laplace equation
Au, =0, (4.2)

with u, being the flow velocity of the gas. For a Knudsen number of Kn = 0.01, the gas flow
is at the transition from the hydrodynamic to the Knudsen regime [I18], which is important
for the correct treatment of the gas flow close to surfaces. In the hydrodynamic regime, the
gas sticks to the walls and a no-slip boundary condition applies. The applicability of the
Navier-Stokes equation can be extended into the Knudsen regime, when a slip is allowed
between the gas flow and the surfaces (slip boundary condition).

To prove that the gas flow is still in the hydrodynamic regime for typical experimental
parameters, we have performed the following experiment, sketched in Fig. (a). A glass
tube is placed between the electrodes to ensure well-defined boundary conditions for the flow
problem. A cluster of dust particles is confined at the axis of the cylindrical volume. The
forces acting in radial direction on the dust particles are the (radial) confinement, inertia, and
centrifugal force as discussed in the following section Moreover, the only forces acting
in azimuthal direction are the force of inertia and the neutral drag force. For MF-particles
with 6 pm radius, the friction coefficient [Eq. ] is v ~ 557! and on a characteristic time
scale of 1/, the velocity of the dust particles adjusts to the flow velocity of the neutral gas.
Thus, a few seconds after changing the rotation frequency of the top electrode, the cluster
can be seen as a tracer for the rotation frequency of the neutral gas column at the position
of the cluster. By varying the rf-voltage and with it the levitation height of the dust cluster
above the driven electrode z, we can measure the dependence of the rotation frequency on
z in a certain interval, which is shown in Fig. [£.1b) for different rotation frequencies of the
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top electrode fee. and for glass tube of different heights (distances between the electrodes)
H. Here, we assume a no-slip boundary condition for the gas flow. Thus, the azimuthal
flow velocity at the lower electrode and the cylindrical glass tube is ug = 0. At the rotating
electrode the gas performs a rigid rotation with ug = 27 fejecr. For a cylindrical geometry, the
Laplace equation (4.2)) can be solved analytically (see [119] 120]) and the expected azimuthal
flow velocity is given by

o0

2 fetecJ1 (kmr) sinh (K, 2) /’"0 N2
_ Ty (et Ve 2dr 43
up(r ) = ) 72 sinh (ko H) [J2 (kmro)]2 Jo 1 (g e (4:3)

m=0

It is 7o the radius of the glass tube, J; the Bessel functions of the first kind, k,,, = /70, am
the roots of J; and H the distance between the electrodes. The expected rotation frequencies
for the dust clusters as deduced from Eq. are represented by the lines in Fig. 4.1|(b).
The measurements and the theoretical flow profile are in good agreement, which shows that
the gas flow is still in a hydrodynamic regime. The sticking of the gas flow at the electrode
results in a vertically sheared rotation, but 2d clusters levitating at a constant height above
the driven electrode perform a rigid rotation. Furthermore, the authors of Refs. [121], [122]
adopted this method and made explicit use of the sheared gas flow to study the shear stability
and shear induced melting processes of 3d clusters.

Besides studying neutral gas flows, this setup is ideally suited to set dust cluster into
a well-controllable rotation. In practice, a nearly perfect cylindrical symmetric setup is
required to ensure a smooth rotation of the dust clusters. Any disturbances to the gas flow,
e.g., the dust dropper or additional probes have to be removed during the measurements.
If the plasma chamber itself is axisymmetric, the glass tube is, in general, not required. A
disadvantage of this setup is that the top view is blocked by the rotating electrode and the
dust clusters must either be observed from the side or through a transparent electrode (,e.g.,
made of ITO coated glass). The dust centrifuge is a new tool to manipulate dust particles
in a controlled manner by means of centrifugal and Coriolis forces, as shown in the following
sections. One advantage of this technique is that a slow neutral gas flow does not alter the
plasma conditions or the particle charging.

4.2 Exerting centrifugal forces on the dust particles and prob-
ing the dust-dust interaction

The dust centrifuge, as presented in the previous section allows rotation frequencies 2
of dust clusters up to a few Hz, which are comparable to or even exceed the radial confine-
ment frequency w, of the dust particles. Therefore, the centrifugal force makes a significant
contribution to the radial force balance and increases the interparticle distance within the
dust clusters, which can be seen as an effective weakening of the radial confinement. In
the frame of the rotating dust cluster the effective radial confinement frequency is given by
Wy = /w2 — Q2 || The purpose of this section is to show that a tuning of the rotation
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Figure 4.2: (a) Interparticle distance d normalized to the interparticle distance at rest (€2 = 0)
versus rotation frequency ) for different screening length Mg as obtained from Eq. (4.4). (b)
Interparticle distance d versus rotation frequency € as measured for a pair of MF-particles (ry =
6.0 pm) and PMMA-particles (rq = 10.9 um) at a gas pressure of p = 4 Pa and a rf-voltage of
200 Vpp. The full lines represent a fit of Eq. . Taken from [A.3].

frequencies allows to probe the dust-dust interaction forces and a measurement of the effective
dust charge Q. and screening length A\ assuming that the interaction force is Yukawa-like
[Eq. ] The experiments presented here are performed at lower gas pressures compared
to the experiments described in the previous section 4.1) p = 4 Pa instead of p = 10 Pa,
and the rotation frequencies of the rotating electrode are higher, foo. &~ 10 Hz instead of
felec = 1 Hz, so that we might have left the regime of laminar gas flows. But this is not
critical for this section since here we are only interested in the influence of the centrifugal
force on the dynamics of the dust cluster in its electrostatic potential well. Furthermore, we
have checked that at even the highest possible rotation frequencies, the plasma glow is not
affected by the neutral gas motion. Therefore, a neutral wind, which may reach maximal
flow velocities of the order of 1 m/s close to the rotating electrode, is not expected to have a
significant effect on the plasma and the electrostatic forces between the particles.

Let us consider a generic model system of two identical particles rotating about their
center of mass at a certain rotation frequency €). In a stationary state, the centrifugal force
and Yukawa repulsion must be balanced by the confinement force and the force balance reads

d 2 11 d d
02 eff (= 4= -] - 2-—0. 4.4
MY dreod ()\8 + d) P ( )\8> Mg (44)

Here, Q.¢ and my are the effective charge and the mass of the dust particles, A\s is the

effective screening length of the plasma, and d the interparticle distance. The dependence
of the interparticle distance d on the rotation frequency 2 as given by Eq. (4.4) is shown in
Fig. 4.2(a). The interparticle distance is a monotonically increasing function of the rotation
frequency. There is a pole at 2 = w,., when the centrifugal force equals the confinement force
and the system becomes unstable. The screening affects the shape of this function and for a
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decreasing screening length the function becomes steeper close to the pole.

We have measured the dependence of the interparticle distance on the rotation frequency
for a pair of MF-particles and PMMA-particles confined in the plasma sheath. The radii
(sizes) of the particles were r4 = 6.0 um (MF) and r4 = 10.9 pm (PMMA). The results are
shown in Fig. [4.2(b). The interparticle distance could be increased by a factor of two and
within the entire measurement interval, the experiments show the expected behavior. A fit of
Eq. (full lines) is in excellent agreement with the measurements, which proves that the
interaction force can be well approximated by a Yukawa interaction and accurate estimates
for the effective particle charge Q. and screening length As; can be deduced from the fit
parameters. Here, a disproportional increase of the particle charge with the particle radius
is found. It is Qeg = 20,000e for the MF-particles (ry = 6.0 pm) and Qg = 60,000e for
the PMMA-particles (rg = 10.9 um), i.e., Qe scales approximately as Qe o< r3. A similar
scaling was also observed, e.g., by Tomme at al. [58]. There, the dust charge was estimated
from the levitation height of different MF-particles with diameters between 2 ym and 14 pm
after the parabolic nature of the electric confinement potential had been determined. This
clearly indicates that the floating potential ¢, of the dust grains depends on the position
within the plasma sheath. (It is Qg = 4megrypq [57].) Here, the floating potential becomes
more negative for particles that are confined deeper within the plasma sheath. This result can
be qualitatively explained by the findings presented in Sec. There, the floating potential
of the dust grains takes a maximum at intermediate levitation heights of the dust particles
as it was found by Douglass et al. [59] as well. Thus, this disproportionate increase of the
particle charge on the particle radius as it is found here and in the experiments performed by
Tomme et al. [58] is reasonable, when the dust particles are all confined above the floating
potential maximum.

Now, lets have a look at the screening length A; obtained from the fit of Eq. .
For simplicity, I will focus here on the measurements performed with the pair of PMMA-
particles, an analysis for the MF-particles can be done in the same way, see . For the
PMMA-particles, we obtained an effective screening length of Ay = (0.6 £0.16) mm, which is
comparable to the interparticle distance d ~ 0.9 mm at 2 = 0. For an estimate of the screen-
ing length of the electrons and ions we assume the real particle charge to be Qg = 0.7 X Qg
as it is given by Lampe et al. [69] for an argon plasma with slightly different parameters,
e.g., there it is T, /T; = 25 and here it is T./T; ~ 100. Then, the strength of the sheath
electric field E can be determined from the levitation condition EQg = mgg. The ion flow
velocity is given by u; = p;E, whereas p; is the ion mobility of argon ions in their parent
gas determined by Frost [123]. Assuming a typical electron temperature of T, = 3 eV [124],
the Mach number of the ion flow is M = u;/up = 1.5, whereas the Bohm velocity is given
by up = \/kgT./m,. Furthermore, we have measured the vertical confinement frequency
wo = 86 rad/s from the thermally excited oscillations of the dust particle. Thus, Eq.
allows us to determine the charge density p = e(n; —ne) in the plasma sheath, if we neglect a
gradient of the particle charge with respect to the position within the plasma sheath. For an
electron duty-cycle of & = n./n; = 0.2£0.1, the respective densities of the electrons and ions
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are ne = (1.4540.85) x 10 m~3 and n; = (6.8+£0.8) x 10 m™3. For a Maxwell distribution
of speeds, the electron screening length is given by Eq. and it is Ape = (1.3 +0.4) mm.
For a monotonic energy distribution of the ions, the screening length is given by Eq.
according to Daugherty et al. [73], whereas E; = 0.5m;u? > kpgT; is the kinetic energy of
the ions. This yields an ion screening length of Ap; = (0.74 & 0.05) mm. Therefore, the
theoretical effective screening length is Ah® = (0.63 £ 0.09) mm [Eq. ] This value is
in good quantitative agreement with the measured value Ay = (0.6 £+ 0.16) mm, although we
had to make some approximations for this estimate. Moreover, within this estimation it is
ADe > Ap;, which suggests that the screening is primary due to the ions as it is argued in
Refs. [74], [75, [76].

Thus, centrifugal forces can be used to probe the dust-dust interaction forces and at
intermediate interparticle distances the interaction force is found to be Yukawa-like as it is
found in Refs. [69, [70]. The observed disproportional increase of the particle charge on the
particle radius is in agreement with the measurements by Tomme et al. [58] and can be
qualitatively reproduced by current models of particle charging in the plasma sheath [59].
The screening length A is in good quantitative agreement with the effective screening length
estimated from the local plasma parameters. There, As is close to the screening length
of the ions as given by Daugherty et al. [73] for a monoenergetic flow of ions, i.e., the
screening is dominated by the ions. Although this technique allows only a measurement
of the effective particle charge, it does not require any plasma parameters as input, as the
(phase-resolved) resonance method does [14,[93],[A.4]. There are other techniques to measure
Qer and \g, which evaluate dynamical or structural properties of particle ensembles and are
assuming a Yukawa interaction, e.g., the analysis of dust waves [125] 126, 127], normal mode
oscillations [128] (129, [130], particle collisions [131], the compression of a dust cluster in a
parabolic potential well [I32] or above an inclined plane [133]. The advantage of introducing
centrifugal forces is that the particle mass and the rotation frequency can be determined
with small error margins, which allows an accurate measurement of the absolute value of
the centrifugal force. Furthermore, this technique is also applicable at higher gas pressures,
since in a stationary state, the particles do not move with respect to the (rotating) neutral
gas background and are not affected by the neutral drag force. In contrast to methods that
are based on dynamical properties, which are usually restricted to low gas pressures, since
waves [125], [126] [127] and oscillations [128], 129, [130] are overdamped when the neutral drag
coeflicient of the dust particles v exceeds the natural frequency scale of the particle motion,
e.g., the confinement frequency w;.
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4.3 Coriolis force and pseudo-magnetization

In the frame of a rotating dust cluster two pseudo-forces appear, the centrifugal force (see
Sec. and the Coriolis force. The latter can be used to tackle the problem of magnetizing
the dust in a real experimental device. This approach was proposed by Kéhlert et al. [134]
[135] and the idea is to make use of the Larmor theorem [5I] and to mimic the magnetization
of the dust by the action of the Coriolis force. Similar concepts have been recently applied
in rotating Bose-Einstein condensates (see Refs. [113], 114} TT5], 116] and references therein).
There, most of the investigations are focused on the formation and structure of vortex lines,
which carry the total vorticity of the velocity field of the rotating Bose condensate. Since
the Larmor theorem does also apply in quantum physics, these systems are almost equivalent
(except for the radial confinement) to electrons in type-II superconductors penetrated by
a magnetic field [I15]. There, each quantum of magnetic flux is carried by one vortex of
a circulating supercurrent. The aim of this section is to give a proof-of-principle of this
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approach at typical dusty plasma parameters by analyzing the normal mode oscillations of a
rotating dust cluster. As in the last section the cluster rotation is excited by means of
the dust centrifuge presented in Sec. which allows a fine tuning of the cluster rotation
without disturbing the plasma discharge.

The Larmor theorem states that the Lorentz force on a dust particle with charge Qg4
and mass mg moving in a homogeneous magnetic field B is equivalent to the Coriolis force
experienced by the particle in a system rotating at a frequency /27 about an axis parallel
to B. Without loss of generality, consider a magnetic field (rotation axis) in z-direction
B = (0,0, B). Thus, the Lorentzian force Fy, and the Coriolis force F¢ read

Fr = Q4(v X Be,) = mg(v X wege;) and Fo =mg(v x 2Qe,) . (4.5)

It is weg = QqB/myg the cyclotron frequency and obviously both forces are equal, when
weq = 2€. Thus, setting a dust cluster into rotation, e.g., by the dust centrifuge (Sec. ,
allows to mimic a magnetic field with an effective magnetic induction of Beg = 2Qmg/Qq.
Because of the small value of the charge-to-mass ratio of the dust grains, even modest rotation
frequencies of a few Hz would lead to effective magnetic inductions of the order of Beg =
10.000 T, which is far beyond any experimental capabilities.

To prove that the dynamics of a rotating dust cluster shows features of an effective
magnetization, we have analyzed the normal mode frequencies of a small cluster with N =4
particles in the rotating frame of reference and compared it to the normal mode oscillations
predicted for a magnetized dust cluster [136]. In Sec.[2.4] we defined the magnetization of
the dust species as the ratio of cyclotron and plasma frequency g = weq/wpq provided that
the Hall parameter is Hy > 1. The plasma frequency, however, is a natural frequency scale
for the collective motion of many interacting particles (N > 1) and is not appropriate in the
context of small dust clusters with only a few particles. For this reason, the role of the plasma
frequency is taken over by the (radial) confinement frequency w,, which corresponds to the
center-of-mass oscillation of the dust cluster and provides a characteristic frequency scale for
the normal mode oscillations. Furthermore, the effective weakening of the radial confinement
due to centrifugal force has to be taken into account. Hence, the effective confinement
frequency in the rotating frame is given by @, = \/w? — Q? and the effective magnetization
is Boff = we/wr = 2Q/w,. Here, relatively large PMMA-particles (rg = 10.9 um) are used at
low gas pressures of p = 0.4 Pa (argon) to ensure that the oscillations of the dust particles
are not strongly damped by neutral gas friction. Here, it is v/w, ~ 1/50, whereas = is the
Epstein friction coefficient Eq. .

In Fig. the measured mode frequencies for a N = 4 particle cluster are plotted versus
the rotation frequency and effective magnetization. The mode frequencies were determined
from the thermally excited normal mode oscillations of the cluster. In two dimensions, there
are seven nontrivial normal modes, two center of mass modes (cm), the breathing mode (br)
and four modes, whose eigenfunctions are depicted in the inlets of Fig. The dust cen-
trifuge [Sec. allows rotation frequencies (2 that can even exceed the radial confinement
frequency of w,/2m = 2.52 s~!. Therefore any degree of magnetization should be realizable,
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since it is Beg — o0 for  — w,. In the presented experiment, however, the weakening
of the radial confinement limits the maximum achievable magnetization, because the clus-
ter reacts more sensitive to external perturbations, e.g., vibrations caused by the rotating
electrode, the transmission and the motor. Here, we were able to reach effective magneti-
zations of PBeg =~ 3, at which the normal modes are substantially affected. For comparison,
the full lines in Fig. represent the mode frequencies expected for a magnetized dust clus-
ter [136] for k = a/As = 0.7, whereas a is a characteristic interparticle distance given by
a = [Q%/(4megmaw?)]'/3. Obviously, there is an excellent agreement between measurement
and theory and typical features of magnetization are well reproduced. Here, the modes
are split into a lower and upper branch and the degeneracy of the center-of-mass and the
asymmetric mode is lifted. The effective magnetic induction at Seg = 3 is Beg &~ 17,000 T
assuming a particle charge of Q4 = 60,000e [Sec. , which is orders of magnitude larger
than any real magnetic induction realizable under laboratory conditions. In addition, this
shows that even strongest (real) magnetic fields of a few Tesla, which are realizable under
laboratory conditions, have only a marginal effect on the motion of micrometer-sized dust
particles via the Lorentz force.

At first glance, this technique to magnetize dust clusters by rotation seems to produce
a peculiar plasma state of matter, because only the heavy dust component is magnetized
and the much lighter electrons and ions are not, since the respective plasma frequencies
are orders of magnitude larger than the achievable rotation frequencies, e.g., the effective
magnetizations for the plasma species are feg e < Beffi <K 1 = Ber,g- In reality, the effects
of a magnetic field are stronger for the light plasma components and the magnetization
is stronger for the electrons than for the ions and even much stronger than for the dust
particles, . > B; > 1 > (4. Nonetheless, we have prepared a system that is governed by
the simultaneous effects of strong-coupling and (pseudo) magnetization. Such systems are
currently of high interest as they are believed to occur in extreme states of matter [137] or
for cold ions in Penning traps [I38]. In addition, there are theoretical studies on the effects
of magnetic fields on diffusion properties [45] and wave spectra [139, 140} 141], 142, 143] in
magnetized Yukawa systems. Thus, rotating dusty plasmas may be seen as a new approach
to study the effects of (pseudo) magnetization and strong coupling in a real laboratory device
benefiting from the outstanding features of dusty plasmas, which allow to resolve the single
particle motion in space and time.

One the other hand, the pseudo-magnetization of dust structures may complicate the
attempts to attribute features of magnetization, e.g., dust cyclotron waves [47], to a real
magnetic field. It is an outstanding challenge to prepare a fully magnetized plasma [39],
whereas magnetized dusty plasmas are usually in a rotating state, see chapter We have
seen that for dust clusters rotating at moderate rotation frequencies the Coriolis force can
be orders of magnitude larger than the Lorentz force, whereas both forces act in the same
way. Thus, in rotating dust structures it could be difficult to clearly separate the effects that
result from the pseudo-magnetization of the dust cloud from the effects of a real magnetic
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field. One solution for this may be the reduction of the particle size, which will be discussed
in chapter [6] of this work.



36

4. DUST CLUSTERS IN ROTATION




5

Dust clusters in magnetized
plasmas

The focus of this chapter lies on the dynamics of dust clusters and the interaction forces
between micrometer-sized dust particles confined in the plasma sheath in the presence of
magnetic fields. We will see that dust structures in a magnetized plasma are naturally in a
rotating state, which is one motivation for studying rotational effects presented in the previous
chapter 4] Furthermore, it has been shown in Sec. that under laboratory conditions the
Lorentz force on micrometer-sized dust particles is usually negligibly small and therefore does
only have a marginal effect on the motion of the dust particles. But, the magnetization of
the electrons and ions gives rise to a modified plasma response and can indirectly affect the
structure and dynamics of dust clusters via a modification of the dust-dust interaction forces.
Here, the focus lies on the ion-wake-mediated particle interaction, which originates from the
flow of ions in the plasma sheath. In particular, the interest lies on the modification of the
ion-wake-mediated particle interaction in the presence of strong magnetic fields, which we
have studied for the first time in the context of dusty plasma physics.

Dust structures in the presence of an (axial) magnetic field are often found to perform
a rotational motion about their axis, which is probably the most obvious effect of magnetic
fields on dust structures. This has been observed in numerous experiments, e.g., see Refs [52]
112], [T44), [T45] 146l 147]. However, the mechanism responsible for dust cluster rotation is still
a matter of debate. Often the sense of cluster rotation is found to coincide with the azimuthal
component of to the ion drag force [52] 144, [145], which results from a deflection of the ions
in crossed radial electric and axial magnetic fields. Konopka et al. [52] supposed that the
rotation frequency is determined by a balance of ion and neutral drag force for a neutral gas
at rest. However, this classical ion drag model was found to significantly underestimate the
rotation frequencies observed in Refs. [145] [1406], [T48]. In this work, an additional mechanism
of cluster rotation is proposed based on a co-rotation of the neutral gas column. Here, one

important prerequisite is that the gas is in a laminar-flow regime, which has been shown in

Sec. [411
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Ion wakes in unmagnetized plasmas and their effects on the dynamics and structure of
dust clusters have been studied extensively over the last two decades, a brief summary of
the available literature is given in section [5.2l Furthermore, dusty plasmas in the presence
of strong magnetic fields are a new parameter regime [39], where only a few experimental
observations exist [48, [50]. There are only a few theoretical calculations in the limit of
linear response theory (LRT) [41], 42, 43] or computer simulations [44], [I49] for ion wakes in
magnetized plasma flows available. In particular, the LRT calculations predict a damping of
the wake oscillations by the magnetic field and a reduction of the wake charge, which should
have consequences for the ion-wake-mediated interparticle forces.

This chapter is based on my publications ,, and is ordered along the degrees
of plasma magnetization. Sec. is about the mechanism of dust cluster rotation in the
presence of weak magnetic fields. Sec. gives a brief introduction to ion wake related
phenomena. In Sec. the ion-wake-mediated particle interaction is studied by means
of PRRM for an unmagnetized plasma, whereas the focus of Sec. lies on the particle
interaction in the presence of strong magnetic fields.

5.1 Cluster rotation in the presence of axial magnetic fields

Dust clusters in the presence of magnetic fields are often found to be in a rotational state,
even for magnetic fields as weak as the magnetic field of the earth [I20]. One of the first
observations of rotating dust structures in the presence of magnetic fields were reported by
Nunomura et al. [150] and Juan et al. [I44]. Juan speculated that the rotation is caused by
the ion drag force, which results from a deflection of the ions in crossed radial electric and axial
magnetic fields and may be accompanied by a slow rotation of the neutral gas column. Sato
et al. [48] studied the rotation of dust structures in a coupled dc-rf-discharge for magnetic
inductions up to 1 T. There, the rotation frequencies of the dust structures and the sense
of rotation were found to strongly depend on an applied bias voltage to the lower electrode.
The bias voltage affects the radial density and potential profiles outside the region of particle
levitation, while the potential profiles inside the confinement region are almost independent
of the applied bias voltage. Konopka et al. [52] observed the rigid and differential rotation
of dust clusters in a rf-discharge. There, the sense of rotation corresponds to the azimuthal
component of the ion drag force and it is assumed that the rotation frequency of the dust
structures is determined by the balance of ion and neutral drag force for a neutral gas at rest.
This classical ion drag model was found to give a qualitative explanation for a number of
experimental observations [145] 146, [148] 151], but the absolute values of the observed rotation
frequencies were found to be significantly larger than expected [145] (146 148]. Furthermore,
rotating dust structures were found in magnetized dc-glow discharges [49, [147]. There, an
inversion of the cluster rotation at a critical magnetic field has been attributed to an inversion
of the radial ambipolar field, when the electrons become magnetized.

However, the physical mechanism setting dust clusters into rotation in the presence of
magnetic fields is still a matter of debate. It is the aim of this section to show that the
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(a) configuration | (b) configuration Il (c) simulation
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top view

0O/27m=20 mHz Q/21m=50 mHz Q/27m=0.5 mHz

Figure 5.1: Cluster rotation observed in different experimental configurations and as predicted
by the classical ion-drag model for a magnetic induction of B = 10 mT, whereas the magnetic
field vector points downwards. The arrows denote the sense of rotation, when looking from the
top. (a) Standard setup: The discharge burns between the lower (driven) electrode and the
grounded chamber walls. (b) The effective plasma volume is restricted to a small cylinder by
placing a glass tube on the electrode covered by a conducting grid, to allow an observation from
the top. (c) Cluster rotation as predicted by the classical ion drag model based on the sheath

model shown in Fig. a).

classical ion drag model cannot be the only mechanism of cluster rotation. Here, the idea of
a co-rotation of the neutral gas column [144] is taken up again to explain the magnitude of the
observed rotation frequencies and the sense of rotation in certain experimental configurations.
This section is primarily based on the results described in my Diploma thesis [120] and
published in Ref. . The results presented here are the starting point of my PhD-work
and are one motivation to study neutral gas flows (Sec. and magnetic field effects on
dust clusters.

In Fig. |5.1j(a), a long-exposure photo of a small 2d-cluster of 21 MF-particles is shown.
There, a magnetic field pointing in the downward direction is applied with an induction of
B =10 mT. The cluster performs a rigid rotation about its center of mass in the clock-wise
direction, when viewed from the top in the direction of the magnetic field. The rotation fre-
quency is /27 = 20 mHz. The experimental setup is similar to those described in chapter
except that the rotating electrode is replaced by a large window, which allows an observation
from the top. In the following, it will be shown that this observation cannot be explained by
the classical ion drag model, since the observed rotation frequency is two orders of magnitude
too large and the sense of rotation is in opposite direction to the local ion drag force.

In order to obtain an accurate estimate for the electric fields and the ion densities in the
plasma sheath above the lower electrode, where the dust cluster is confined, the sheath model
used in the simulation code described in Ref [152] was adopted by L. J. Hou to best match
the experimental parameters. It is n; = 5.8 x 10'* m™3 the ion density and T, = 3 eV the
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electron temperature in the plasma bulk measured by Langmuir probes and p = 15 Pa the gas
pressure. There, the rf-plasma sheath is treated by a dynamical fluid model, which explicitly
takes the geometry of the electrode into account to correctly describe the radial confinement
(radial electric fields) of the dust clusters. The time-averaged potential above the electrode
is shown in Fig. [5.2(a). At these gas pressures, the flow of ions is mobility-limited because
the mean free path of the ions A i, = 0.7 mm is significantly smaller than the sheath width
(dsh = 1 cm) and the ion flow velocity u; is given by

It is E = E,.e. + E,e, the local electric field having a component in radial and vertical
direction, whereas at the postion of the dust clusters it is £, < F,. The mobility of the
argon ions p; in their parent gas was measured by Frost and can be taken from Ref. [123].
When a magnetic field is applied, u; becomes a tensor. For a magnetic field in axial direction,
ie, B=(0,0,B,), it is

1 /JiBz O
L+pfB2  1+p7B2
W= g | b 1 E. 5.2
SR e (5:2)
0 0 1

For weak magnetic fields (u; B, < 1) the argon ions experience a deflection in azimuthal
direction with
ui g = BB, . (5.3)

Thus, with the potential and density profiles taken from the simulation, we can determine
the azimuthal component of the ion drag force at the position of the dust clusters. In the
classical ion drag model the rotation frequencies can then be deduced from the balance of ion
and neutral drag force for a neutral gas at rest. The expected rotation frequencies fi_qrag are
shown in Fig. [5.1{c). For weak magnetic fields, we find a linear dependence of fi_qrag on B.,
because it is u; 4 o< B,. For B, = 10 mT, the rotation frequency is fi_drag = 0.5 mHz, which
is a factor of 40 smaller than the value observed in the experiment [Fig.[5.1(a)]. The expected
sense of rotation is of course in direction of the azimuthal component of the ion drag force
pointing in FE,e, X B,e, direction. Thus, for FE, pointing radially outward and a magnetic
field in downward direction a rotation in the counter-clock-wise direction is expected, which
is in conflict with the observations shown in Fig. [5.1(a). Moreover, in the classical ion drag
model, the azimuthal component of the ion flow velocity does only depend on the local electric
and magnetic fields, and therefore the rotation frequency should only depend on the local
plasma and dust parameters. If we modify the experimental setup and place a glass cylinder
on the electrode, which is covered by a conducting grid [see Fig. [5.1(b)], the local electric
fields at the position of the dust clusters are approximately the same in both experimental
configurations, since both clusters are confined at almost the same height above the electrode
and the interparticle distances are comparable. But now the observed sense of rotation is in
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the counter-clock-wise direction (as predicted by the simulation), although the magnitude of
the rotation frequency is still two orders of magnitude larger than the values deduced from
the balance of ion and neutral drag.

This discrepancy between the classical ion drag model and our observations shows that
there must be at least one more mechanism of dust cluster rotation. In Ref. , we have
proposed an additional mechanism, which takes the neutral gas into account. The idea is
that the deflection of the ions in the azimuthal direction due to crossed electric and magnetic
fields does not only exert a torque on the dust clusters via the ion drag force, but also a torque
on the neutral gas via a collisional momentum transfer from the ions to the neutrals. Thus,
radial electric fields, which are found, e.g., at the edges of the electrodes or ambipolar fields
within the plasma bulk in combination with the axial magnetic field can act as a neutral gas
drive. Consequently, a sheared neutral gas flow establishes in the entire plasma chamber as
it is found for the mechanical drive in Sec. which in turn sets the cluster into rotation.
This would explain why the change of the experimental configuration from Fig. [5.1(a) to
Fig. |5.1{(b) substantially affects the rotational motion of the dust cluster, since in the second
configuration [Fig. |5.1{(b)] the plasma volume outside the glass tube cannot contribute to
the cluster rotation inside the glass tube. For a quantitative estimate of the neutral gas
rotation frequency one needs the total torque transferred from the ions to the neutrals within
the entire plasma chamber, which would require a complete set of the plasma potential and
density profiles within the chamber. However, we do not have such profiles, but we have
the simulation data shown in Fig.|5.2|(a) and we can calculate the contribution of the sheath
electric field of the lower electrode to the neutral gas rotation frequency. The aim is to show
that the sheath electric field alone would result in a neutral gas rotation frequency, which
exceeds the value deduced from the classical ion drag model [Fig. [5.1fc)]. Thus, the neutral
gas cannot be assumed to be at rest.

In Ref. , an estimate of this effect is given based on an analytic model, which assumes
a rigid rotation of the ion column in the plasma sheath. Here, I like to give a more accurate
estimate based on the density and potential profiles taken from the simulation [Fig. |5.2(a)].
The force per volume dV exerted on the neutral gas from the collisional momentum transfer
from the ions to the dust in azimuthal direction is

dFi’¢ = nimiui7¢yi7ndv . (54)

It is n; the ion density, m; the mass of the ions, v; ,, the ion-neutral collision frequency and u; ¢
the drift velocity of the ions in azimuthal direction given by Eq. . The product n;v; ,dV
is the number of collisions within the volume dV per unit time and m;u; 4 the momentum
of the ions in azimuthal direction. The force exerted on the neutral gas, as deduced from
the simulation data, is shown at the left-hand side of Fig. [5.2(b). As expected, close to the
edge of the cylindrical depression, where strong radial electric fields are present, the force
becomes maximal. In Sec. [£.1] it is shown that the flow of the neutral gas can be described
by the Navier-Stokes Eq. , whereas for slow gas-flow velocities u,, the dominating force
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Figure 5.2: (a) Calculated potential and radial electric field above the lower electrode as shown
in Ref. [A]]. (b) Left-hand side: Contour plot of the azimuthal component of the force exerted
on the neutral gas, which results from the collisional momentum transfer from the ions drifting
in the crossed fields of an axial magnetic field of B = 10 mT and the sheath electric field [see
Fig. a)} to the neutrals. Right-hand side: Resulting neutral gas rotation frequency, assuming
a laminar gas flow and a non-slip boundary condition at the surface of the electrode. This result
was obtained by finite elements methods by means of the partial differential equation toolbox of

MATLAB [153).

is the viscous friction force dF = —nAu,dV, which must be balanced by the driving force,
see Eq. (5.4). Thus, the differential equation for the flow problem reads

dF; seq
.

Auy = (5.5)
For the boundary conditions, we assume a sticking of the gas flow at the surface of the
electrode (no-slip boundary condition, see Sec. , while the radial and upper boundary are
put far away so that they make only a negligible contribution to the neutral gas flow above
the electrode. For a cylindrical symmetry, this inhomogeneous Laplace Eq. can be
solved numerically by the partial-differential equation toolbox of MATLAB [153] by means
of finite elements methods. The resulting rotation frequencies of the neutral gas f, are
shown on the right-hand side of Fig. (b) There, f, is zero close to the electrode, which
is a consequence of the no-slip boundary condition, and a vertically sheared rotation of the
neutral gas is established at the axis above the electrode, as it is found for the mechanical
drive (Sec. as well. The rotation frequency becomes maximal at intermediate heights
above the electrode, right where the dust is confined. There, it is f,, = 1.2 mHz, which exceeds
the rotation frequencies predicted by the classical ion drag model (fi_drag = 0.5 mHz).

For a consistent set of parameters, which are close to the experimental conditions, the
sheath model [Fig. allows an estimate of the pure ion drag effect on the dust clusters
rotation and the neutral gas rotation frequencies. There, the neutral gas rotation is the
dominant source of cluster rotation, whereas most of the driving force comes from the strong
electric fields at the edge of the cylindrical depression and not from the local electric field at
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the position of the dust clusters, which are responsible for the dust confinement and determine
the local ion drag force on the dust cluster. The neutral gas rotation frequency is still one
order of magnitude smaller than the value found in the experiment and cannot explain the
clock-wise rotation of the cluster in the experimental configuration shown in Fig. [5.1f(a).
Nonetheless, the change of the experimental configuration from Fig. [5.1j(a) to Fig.[5.1[(b) and
the observed inversion of the sense of rotation suggests that a significant part of the neutral
gas drive stems from the outer regions of the discharge, which are shielded by the glass tube
in the configuration of Fig. [5.1(b). Possible sources of the observed clock-wise rotation in
configuration Fig. [5.1(a) are the strong radial electric fields at the outer edge of the lower
electrode pointing radially inwards. Moreover, the combination of an axial magnetic field, an
asymmetric rf-discharge and a large (non-conducting) top window may give rise to a complex
potential distribution in the plasma bulk as argued in Ref. [70]. The integration of the weak
ambipolar fields over a large plasma volume in comparison to the strong fields in the plasma
sheath restricted to a small volume could make a significant contribution to the neutral gas
rotation as well.

The experiments presented here give a clear evidence that the classical ion drag model
cannot be the only mechanism for cluster rotation in an axial magnetic field. In certain
experimental configurations, the rotation was found to be against the local ion drag force and
the magnitude of the rotation frequencies were two orders of magnitude larger than deduced
from the balance of the ion and neutral drag force for a neutral gas at rest. A quantitative
estimate of the neutral gas rotation frequency resulting from the cylindrical depression of the
electrode, which is responsible for the radial confinement of the dust clusters, shows that the
co-rotation of the neutral gas column is not negligible and can even exceed the contribution
of the ion drag force to the dust cluster rotation. The assumption of a laminar gas flow and a
sticking of the gas at the electrode was proven by the experiments presented in Sec. [1.1] and
provides a qualitative explanation for the different sense of rotation in the two experimental
configurations shown in Fig. (a,b), since an ion-driven neutral gas flow at the outer region
of the plasma volume can contribute to the rotation at the center as well. Moreover, an ion-
driven neutral gas rotation can also explain some features of the cluster rotation observed by
Sato et al. [48] and Vasiliev et al. [49], where a modification of the radial electric field due
to the magnetization of the electrons [49] or the bias voltage [48] has a drastic effect on the
cluster rotation and can even invert the sense of rotation, although the local confinement of
the dust structures is almost not affected.

Simultaneous with my publication , Nedospasov [110] argued that the co-rotation
of the neutral gas column can explain the observed inversion of rotation at a critical mag-
netic field strength of dust ensembles in dc-glow discharges [I54) [I55]. There, the neutral
gas rotation was estimated in a similar way assuming a balance of viscous friction forces
and momentum transport from the ions to the neutrals. Later, this model was taken up by
Vasiliev et al. [111], being in good quantitative agreement with their measurements, although
this model provides only an upper estimate of the neutral gas rotation frequencies, since it
does only take the transverse and not the longitudinal momentum transport to the walls
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by viscous friction forces into account. Two years later, Pal et al. [I12] analyzed the role
of the neutral wind for the rotational motion of dust particles in a rf-magnetron discharge.
There, the existence of a neutral gas flow was proven by the excursion of a torsion blade.
Their measurements were in good agreement with a hydrodynamic flow model, whereas even
the momentum transport from the electrons to the neutrals was found to make a significant
contribution, which is neglected in the model presented above and those described by Ne-
dospasov [110]. They concluded that at least for heavy argon ions the neutral gas rotation is
the dominant source of cluster rotation, while for lighter gases (hydrogen), cluster rotation
is dominated by the ion drag force.

In a laboratory plasma, sheath electric fields or ambipolar electric fields within the plasma
bulk are inevitable, and an axial magnetic field deflects the electrons and ions into the az-
imuthal direction. The rotation of the plasma column is accompanied by a co-rotation of the
neutral gas due to a collisional momentum transfer from the charged plasma species to the
neutrals. In rf-magnetron discharges [112], dc-glow discharges [I11] or rf-discharges , the
neutral gas flow is one reason for the observed dust cluster rotation in addition to the ion
drag force. Thus, dust clusters in magnetized plasmas are naturally in a rotating state, which
was one motivation to study the effects of rotational motion on the structure and dynamics

of dust clusters presented in the previous chapter [4 of this work.

5.2 Ion Wakes

In the plasma sheath, the flow of ions and the formation of ion wakes considerably modifies the
potential distribution around a dust particle. A sketch of an ion wake is shown in Fig. a).
The negatively charged dust grain acts as an electrostatic lens focusing the flow of ions.
Downstream to the dust particle an ion wake is formed with an excess of positive charges.
This positive wake charge can attract nearby dust particles and is responsible, e.g., for the
alignment of dust particles parallel to the ion flow [23] 24 25]. Ton wakes have a substantial
influence on the dynamics and structure of dust clusters confined in the plasma sheath,
especially at low gas pressures, where the ion wake effects are more pronounced and are not
suppressed by ion-neutral collisions. Ion wakes have been studied extensively for the last two
decades and the purpose of this section is to briefly summarize some of the works on ion wake
phenomena, which have implications for the measurements and conclusions presented in this
work.

Wake fields occur in numerous plasma environments, when a plasma flows relative to a
charged macroscopic object (or the object moves relative to the plasma). In space, the so-
lar wind causes the formation of extended wake structures behind planets and moons [156]
affecting the charging of space-crafts and asteroids passing through it [I57]. Likewise, wake
charging can be a real concern for space-craft docking operations, since large potential dif-
ferences may lead to arc discharges [158]. Plasma wakes can be observed behind electrostatic
probes in flowing plasmas, e.g., Mach probes, and are important for the interpretation of the
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measured characteristics [159]. Furthermore, plasma wakes generated by high energy pulsed
lasers [160, [161] or by bunches of electrons traveling at relativistic velocities [162), [163] are
new techniques for the acceleration of electrons and ions to high energies.

In contrast to the aforementioned examples, the charge-to-mass ratio of dust particles in
a plasma is comparatively high and, besides wake-charging, the electrostatic interaction of
dust grains with the wake fields becomes important. The negatively charged dust particles
act as an electrostatic lens focusing the flow of ions downstream to the particle. This wake
region is characterized by an excess of positive space charges, which strongly modifies the
electrostatic interaction between the particles. Wake effects are most pronounced, when the
ion flow velocity u; is of the order of the Bohm speed up = \/kpT./m;, e.g., the Mach
number is M = u;/up ~ 1, as it is the case for the ion flow in the plasma sheath close to the
sheath edge. Especially for dusty plasmas in a strongly-coupled state this modification of the
interaction forces has strong implications for the dynamics and structure of dust clusters. One
interesting feature of these ion-wake-mediated interaction forces is the occurrence of attractive
forces between the dust particles, which can lead to the spontaneous formation of particle
strings [23] 24, 25]. Nambu et al. pointed out the similarity of this attractive forces between
the like-charged particles to the formation of Cooper pairs in superconductors [26]. Today,
important questions regarding the formation of particle strings are whether these stabilizing
attractive forces are due to electrostatic forces [23], 26, 32), B3, 34, B5] or drag forces [30} B1]
and what is the minimal Mach number necessary for the formation of particle strings. Recent
observations [164] of extended three dimensional dust clouds under microgravity show the
formation of particle strings at subsonic ion flows with estimated Mach numbers of M < 0.1,
while PIC simulations [165] show an abrupt disappearance of the potential peaks for M < 0.3
questioning the role of the ion wake for the observed alignment of the particles parallel to
the ion flow.

PIC codes (see Refs. [77,[166) 167, [168] and references therein) are one tool to model the
wake fields behind dust grains from first principle on, which is a challenging task, because
the time scales of electrons, ions and the dust differ by orders of magnitude. Further, the
finite grid size makes it difficult to account for particles much smaller than the Debye length,
which is typically the case in experiments. Today’s most sophisticated PIC codes calculate
the ion dynamics assuming a Maxwell velocity distribution for the electrons [77, [166] or
even fully resolve the motion of ions and electrons [167), [168], whereas the dust particles
are stationary and the number of dust particles is limited to N < 10 due to computational
demands. An alternative approach is Linear Response Theory (LRT), which describes the
averaged electron and ion dynamics by a dielectric function and calculates the wake potential
in linear approximation [34] 169, I70]. In LRT dust particles are treated as point charges,
which is typically well satisfied in experimental situations, but LRT does not include charging
processes. For single and small particles (d < 0.01 Ap. [166]) a detailed comparison shows
a good agreement between PIC simulations and LRT and only for larger particles nonlinear
effects become important [I70]. The largest disagreement between PIC codes and LRT is
found in the vicinity of the dust grains. There, LRT does not treat the trapped ions correctly
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and overestimates the asymmetry of the plasma polarization [I7I]. Furthermore, Miloch
et al. [I72] used a PIC code to simulate the wakes of two dust grains approaching each
other. There, the formation of a common wake is observed, which is not a superposition
of single-particle wakes and therefore cannot be described by LRT. Nonetheless, the idea to
use particles as a probe for the wake of another particle was analyzed in PIC simulations by
Hutchinson et al. [I73]. There, (the lateral component of) the force on the probe particle
with charge Q4 was to a good approximation the same as the electric field force Fgp = Q E
deduced from the single-particle wake potential. Although there are a lot of experimental
works performed within the plasma sheath, most PIC simulations and LRT calculations
assume a quasi-neutral plasma flow. To my best knowledge, there is only one work from 2003
by Hou et al., which explicitly accounts for an inhomogeneous plasma and the sheath electric
field in linear response approximation [I74]. There, the wake oscillations are damped and a
long tail for the induced potential is observed compared to the homogeneous case.

Besides its influence on the arrangement and structure of dust ensembles, ion wakes also
strongly affect the dynamics of dust clusters. The effective wake potential is asymmetric in
ion flow direction inducing nonreciprocal interparticle forces, which is a result of the openness
of the system, since there is a constant flow of ions to and from the dust particle. In fact, these
nonreciprocal forces provide an efficient mechanism to transfer energy from the ions to the
dust grains [27, [29] [I75]. This causes the melting of multilayer dust clusters below a critical
gas pressure [23] [I76, [I77] and can trigger self-excited oscillations in few particle systems
[28] 178]. Often the kinetic temperature of the dust particles confined in the plasma sheath
is large compared to the other plasma components. Especially in the ion flow direction the
heating is more effective at low gas pressures [I179], where the wake fields are more pronounced.
Moreover, ion wakes are responsible for the coupling of wave modes in 1d chains [I80] and
2d clusters [176], 181, 182 [183], 184, [185].

Particle pairs confined in the plasma sheath are often used as a generic model system to
study the wake-mediated interparticle forces. In particular, the transition from an alignment
perpendicular to the flow to a parallel alignment has been studied in detail in Refs. [I86), 187,
188]. The transition can be induced by either altering the gas pressure [25], the self-bias [189]
or the rf-voltage [190] affecting the strength of the perpendicular and vertical confinement
or by an external driver [I91]. Typically, a hysteresis is observed, when switching between
the configurations, which is due to the interaction with a positive wake charge. Furthermore,
the transition into the parallel alignment takes place abruptly, when one particles passes a
critical point [191], which is, according to simulations, the point when one particle enters the
wake of the other and a common wake is formed [189].
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5.3 Charging and coupling of dust particles in unmagnetized
plasma flows

This section is based on the results published in and adopts the idea of using two
particles as a generic model system to study ion-wake-mediated interparticle forces. Here,
the phase-resolved resonance method (Sec. is applied at a particle pair aligned parallel to
the ion flow and the confinement and nonreciprocal coupling forces are determined with high
precision. A quantitative comparison with the resonances of single, but identical particles,
shows a partial decharging of the downstream particle in the wake of the upstream particle.
In contrast to earlier works doing quantitative measurements on wake forces [192], 193] [194],
it is shown here that the decharging effect and the nonreciprocal nature of the coupling force
must be taken into account simultaneously to fully explain the experimentally measured
frequency response. Here, the focus lies on unmagnetized plasmas, whereas magnetic fields
will be taken into account in the subsequent section [5.4

The resonance measurements presented here are restricted to small oscillation amplitudes,
which allows to linearize the interparticle forces and to express them in terms of effective
spring constants D;,. Apart from that, the equation of motion is the same as for the single
particle system described in chapter [3] and the equations of motion read

€1+ 2m&r +wi€r + Dia(6 — &) = H(w) Ky exp(iwt)
€2 + 29260 + wi&s + Da1 (& — &) = H(w) Ky exp(iwt) (5.6)

in which ¢; is the excursion from the equilibrium position of the upstream (j = 1) and
downstream particle (j = 2), w; the confinement frequency, «; the gas friction coefficient,
H(w) the transfer function of the coupling network and K; the amplitude of the sinusoidal
excitation. In particular, Dis # Do is allowed to account for the nonreciprocity of the
interaction. A typical frequency response of a particle pair is shown in Fig. [5.3[(a). The
measurements were performed at low gas pressures [p = 3.4 Pa (argon)| and low rf-voltages
(Ut = 120 Vpp) at which the particles are aligned parallel to the flow [25, 190]. A fit of the
nonreciprocal coupled harmonic oscillator model Eq. (full lines) is in excellent agreement
with the measurements (crosses), which justifies the linearization of the interparticle forces,
although the maximal oscillation amplitudes are larger than 10% of the interparticle distance.
The fitted model parameters are compiled in Tab. The relative errors (1) for all fit
parameters are less than 1% estimated from surrogate data as described in Ref. [96].

The confinement frequency of the downstream particle obtained from the model (wy =
46.3 rad/s) is smaller than that of the upstream particle (w; = 63.1 rad/s). Neglecting a
charge gradient in the plasma sheath, this corresponds to a smaller charge-to-mass ratio of
the downstream particle [Eq. ] To proof that this is in part due to a reduced charge
of the downstream particle in the wake of the upstream particle and not solely due to dif-
ferent particle masses, the upstream particle was removed from the discharge and we have
measured the frequency response of the undisturbed, formerly downstream particle as shown
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Figure 5.3: (a) Sketch of the experimental situation (not true to scale). (b) Measured frequency
response function for the particle pair (crosses) and for the single, formerly downstream particle,
after removing the upstream particle (circles).

in Fig. [5.3{(b) (circles). There is a small shift of the resonance frequency of the downstream
particle and it is ws = 52.3 rad/s (> ws = 46.3 rad/s) the confinement frequency of the
undisturbed particle. Now, this difference of the confinement frequencies can be related to a
partial decharging of the downstream particle in the wake of the other of approximately 20%,
because a mass effect can be ruled out, since here the confinement frequencies of the same
particle in different situation are compared. This is supported by the observation that the
levitation height of the downstream particle increases when the upstream particle is removed
[Fig. [5.5(a)]. To avoid confusions, I like to hint at the fact that the shift of the resonance
frequencies is in the opposite direction and smaller compared to the shift of the confinement
frequencies. The reason for this is the strong interaction force shifting the resonance fre-
quency of the downstream particle to larger values wyes2 ~ \/m = 54.8 rad/s (the
effect of the gas friction on the resonance frequency is neglected). To check if the downstream
particle influences the charge of the upstream particle, the experiment was repeated, but this
time the downstream particle was removed instead of the upstream particle. In this case no
significant change of confinement frequency w; or the levitation height was observed. Thus,

the downstream particle does not noticeably affect the charging of the upstream particle.
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Two-particle system
w1 7 K, Dyo Wres, 1
63.1rad/s 2.25s7! 0.133ms 2 156 s2 64 rad/s

w9 Y2 Ky Doy Wres,2
46.3 rad/s 2.34s7! 0.045ms™2 868 s72 54 rad/s
Single-particle system
w; ’7; K; w:es,Q
52.3 rad/s 2.37s7! 0.371 ms—2 52 rad/s

Table 5.1: Fit parameters of the coupled harmonic oscillator model Eq. (5.6)) for the measured
frequency response functions shown in Fig. [5.5(b). For comparison, the resonance frequencies
Wres,i & \/w? + D;; are given in the last column.

The frequency response functions directly reflect the nonreciprocity of the ion-wake-
mediated interaction forces. The resonance frequency of the upstream particle is at w =
65 rad/s and the downstream particle shows a strong reaction to the large amplitude oscil-
lation of the upstream particle. On the other hand, the resonance frequency of the down-
stream is at w = 54 rad/s and there is only a weak response of the upstream particle. The
determination of the coupling constants (see Tab. now allows to quantify the degree of
nonreciprocity and in the presented situation the force in downstream direction is roughly
five times larger than in the upstream direction (Dy;/D12 = 5.5). This strong asymmetry of
the interaction force is well known for the lateral component of the coupling force stabilizing
the vertical alignment as shown by Melzer et al. [25]. There, the degree of asymmetry was
even larger and the attractive force from the wake charge exceeds the Coulomb repulsion by
a factor of 20 £ 10. Here, the interaction force parallel to the ion flow was considered, but
the trend is the same. However, Kong et al. [194] evaluated the resonances of a parallel
aligned particle pair as well for similar conditions and found the force in upstream direction
to be stronger as in downstream direction (Ds1/D12 < 0.66). There, the step response to a
sudden increase of the electrode bias was evaluated. The discrepancy to our findings may
come from the occurrence of transients in their work. For the measurements presented here,
the oscillating particle pair was given some time to reach a steady state so that all transients
are damped out.

The nonreciprocal particle interaction and the decharging effect can be reproduced by PIC
simulations. W. Miloch adopted the simulation code described in Ref. [I72] to best match the
experimental parameters, e.g., T, = 3 eV, T; = 0.03 eV, A\p = 0.7 mm and a Mach number of
M = 1. Although the simulation does not account for the electric field and the non-neutrality
of the plasma sheath and assumes larger particles than in the experiments, this allows a
qualitative comparison, while exact numbers should be taken with care. The simulation
yields a stronger decharging effect but a smaller degree of asymmetry of the interaction force.
The simulation gives Q2/Q% ~ 0.5 and Dg;/Di2 ~ 1.5, when the downstream particle is
located at the self consistent equilibrium position. The experimental results are Q2/Q% ~ 0.78
and D1 /D1 =~ 5.5. Thus, the decharging effect is fairly reproduced, while the simulation
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underestimates the degree of asymmetry of the particle interaction. This can be resolved
if the particle confinement and the dependence of the particle charge on the interparticle
distance is taken into account, which gives rise to an additional effective interaction force
enhancing the degree of asymmetry. Let us assume a constant charge gradient with respect
to the interparticle distance, as it is found in the simulations described in Refs. [172, [195]. If
now the upstream particle approaches the downstream particle, this will further reduce its
charge and the sheath electric field will not fully compensate the force of gravity anymore.
Consequently, the downstream particle experiences a net force in the downstream direction.

For an order of magnitude approximation of this effect, we will assume the charge of
the downstream particle Q2 to be linearly dependent on the interparticle distance d. Here,
the dependence of the particle charge on the position in the sheath will be neglected for
simplicity. A Taylor expansion about the equilibrium interparticle distance dy yields Q2 =
QY+Qh(d—dp) = Q3+Q4(&2—&1). Tt is QY the equilibrium charge of the downstream particle,
Q) the charge gradient with respect to d and &; (£2) the excursion from the equilibrium position
of the upstream (downstream) particle. For a harmonic confinement, the sheath electric field
can be written as ¥ = Ey + E’&y, where Ej is the field strength at the equilibrium position
and E’ the gradient of the electric field. Thus, the electric field force on the downstream
particle due to the sheath electric field is given by

Fgp=EQz = (Eo+ F'&)(Q + Q5(& — &) ~ EoQ) + E'QY& + EoQhy(& — &) (5.7)

Neglecting terms of the order of E'QY gives the right-hand side of Eq. . Here, the first
term EoQY compensates the force of gravity, the second term E'Q9¢ represents the vertical
confinement and is related to the confinement frequency ws = E'Q9/m. The last term
represents the effective interaction force from the charge gradient. Assuming the attractive
force from the ion wake to be small compared to the force of gravity, we can eliminate Ey by
using the regular force balance of the force of gravity and the electric field force EqQY = mg.
Then, the effective coupling constant can be defined in analogy to Eq. as Dgﬁf = gQ}/QY.

In the presented experiment, the interaction force has two contributions, one from the
electrostatic interaction with the ion wake Dg)l, which is modeled by the simulation, and
one from the charge gradient DS, i.e., it is Do = D(Zb1 + DS, To obtain a rough estimate
of the charge gradient effect on the coupling constant we approximate Q5 by AQa/dy. It
is AQ2 ~ 0.2QY the charge reduction found in the presented experiment. A characteristic
length scale is provided by the interparticle distance dg = 1.2 mm. This yields Dgflf = 1600572
approximately twice the value measured in the experiment (D2;=870 s~2). This shows that
even small relative charge gradients Q%/Q9, which are considerably smaller than those found
in the simulations [172, [195], can induce interaction forces that are at least comparable or
may even exceed the interaction forces due to the electrostatic interaction with the wake
potential. This effect can explain the observed strong asymmetry (Ds1/D12 ~ 5.5) in com-
parison to the simulation (Dg;/D12 &~ 1.5), because the charge gradient enhances the degree
of asymmetry of the interaction force, since the upstream particle has a much stronger effect
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on the charge of the downstream particle than vice versa.

In this section I have shown that the phase-resolved resonance method (Sec. is well
suited to study charging and interaction forces between two particles. The decharging due
to the ion wake and the asymmetric coupling could be quantified simultaneously with high
precision. Here, the focus lies on the interaction force in flow direction in contrast to the works
by Melzer et al. [25] and Hebner et al. [193, [196] concentrating on the lateral component
of the interaction force responsible for the stabilization of the vertical alignment. Prior et
al. [192] analyzed the coupled modes of a particle pair and have obtained a decharging of
the downstream particle by 30%, which is close to our value, but they assumed a symmetric
particle interaction, which is not the case if the forces are mediated via an ion wake and might
cause a systematic error. It turns out that for pairs of particles confined in the plasma sheath,
the decharging of the downstream particle within the wake of the other and the asymmetric
interaction forces cannot be seen to be independent of each other, both effects are coupled due
to the external confinement, which enhances the degree of asymmetry of the interaction force.
This results might help to improve models [186} 187, 188 [190] describing the transition from
a vertical to a horizontal alignement of particles, when altering the discharge parameters.
There, the assumption is made that the confinement frequencies of both particles are equal,
which does not hold in the vertical configuration, where the decharging effect lowers the
confinement frequency and the levitation height of the downstream particle.
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5.4 lIon-wake-mediated particle interaction in magnetized plasma
flows

In Sec. we have seen that the Lorentz force on micrometer-sized dust particles in lab-
oratory plasmas is small compared to the force of gravity, confinement or the dust-dust
interaction forces and the direct effect of a magnetic field on the dynamics of dust clusters is
marginal. Therefore, magnetic fields can only indirectly affect the dynamics of dust clusters
via the magnetization of the electrons and ions, e.g., resulting in a rotational motion of the
dust clusters (Sec. . In the previous section we have seen that the polarization of
the ion flow in the plasma sheath and the formation of ion wakes has a strong effect on the
dust-dust interaction force parallel to the flow and on the charging of the dust particles in the
wake of another. At these parameters, a strong magnetic field parallel to the flow of ions can
modify the scattering of ions in the Coulomb field of a charged dust particle as it is shown in
Fig. [5.4(a,b). In this simplified model (neglecting collisions and collective phenomena), the
focusing effect and therefore an increased ion density in the focusing region is clearly visible
for the unmagnetized case [Fig. |5.4{a)]. If a strong magnetic field (B = 2 T) parallel to the
flow is applied, the flow pattern is severely modified [Fig. [5.4(b)]. The scattering process
transfers energy into the lateral ion motion, which triggers a helical ion flow and an extended
ion shadow is formed. It is the aim of this section to show that magnetic fields indeed have
a strong influence on ion wakes and modify the ion-wake-mediated particle interaction in a
magnetized plasma flow, as it is discussed in my publication [A.6].

Dusty plasmas in the presence of strong magnetic fields are a new parameter regime [39],
where only a few experimental observations exist. Sato et al. [48] studied cluster rotation
for magnetic induction up to 1 T and Schwabe et al. [50] reported on the filamentation
of a rf-discharge accompanied by the formation of patterns of spirals and concentric circles
perpendicular to the magnetic field. There is a lack of experimental works concerning wake
effects in magnetized dusty plasmas and only a few theoretical predictions [41, 42, 43] and
simulations [44) [149] exist. Particle-in-cell simulations performed by Patacchini et al. [44],149]
showed the appearance of ion cyclotron wakes in crossed electric and magnetic fields, when
cyclotron damping is not too strong. Furthermore, Salimullah et al. [42] calculated the ion
wake potential in a magnetized plasma flow in the limit of linear response theory (LRT). In
Fig. ﬂ(c) the wake potential ¢yake at a certain position downstream to the dust particle is
plotted versus the magnetization parameter f =1/ 51’2 o 1/B? for different Mach numbers of
the ion flow. There, the magnetic field strongly damps the wake oscillations, when the ions
become magnetized (f < 1 or ; > 1) and the ion cyclotron frequency starts to exceed the
ion plasma frequency. Thus, LRT predicts a reduction of the space charge stored within the
wake for increasing magnetic inductions.

In order to allow a direct comparison to the LRT results shown in Fig [5.4(c), we will
use the parameter 3; = we/wp; as a measure of the ion magnetization as it is introduced
in Sec. 2.4l In contrast to the LRT calculations, which are made for collisionless plasma
flows, ion-neutral collisions will certainly affect the ion wake in the presented experiments.
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Figure 5.4: (a) Trajectories of argon ions flowing with a Mach number of M = 1 in downward
direction and scattered in the pure Coulomb field of a dust particle (Rutherford scattering). The
circle marks the position of the dust particle and p = /22 + y2 is the lateral displacement from
the axis. (b) Trajectories, when an additional magnetic field of B = 2 T is applied parallel
to the flow. (c) Linear response calculation taken from Ref. [42]: Wake potential ®y,x. at
a fixed position (2Ap. downstream to the dust particle and 2Ap. in lateral direction) versus
magnetization parameter f = 1/3? for different Mach numbers M.

Nonetheless, §; > 1 is still a reasonable criterion to separate unmagnetized and magnetized
wakes, since the experiments were performed at low gas pressures so that for 5; > 1 the
Hall parameter of the ions becomes larger than unity (H; = we;/vi, > 1). For this specific
situation of magnetized ion wakes, this parameter 3; can be interpreted in the following way:
for ions flowing at Bohm speed (up = \/m) the effective screening length of the ions
is given by Eq. and it is Ap; = \/W . As argued in Sec. the screening
in the plasma sheath is dominated by the ions and the effective screening length is A\s =~ Ap;.
The deflection of the ions passing by a charged dust particle takes place primarily within the
Debye sphere of the dust particle. Thus, the Lorentz force makes a significant contribution
to the scattering process, when the transit time of the ions 7 = A\s;/up is comparable to the
time scale of the cyclotron motion 7., = 1/we, e.g., it is B = 7/Tei = weif/wpi. Thus, for
Bi > 1 the presence of a magnetic field significantly affects the scattering of single ions at the

dust particle and therefore modifies the structure of the wake field.
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Figure 5.5: (a) Sketch of the experimental situation (b) Confinement frequencies w; of the
upstream (circles) and downstream (squares) particle versus magnetic induction B. (c¢) Coupling
constants Do (circles) and Da; (squares) versus magnetic induction B and ion magnetization
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Except for the magnetic field, the experimental situation is nearly the same as in the
previous section [5.3|and sketched in Fig. [5.5a). Two MF-particles (rqy = 5.8 um) are confined
in the plasma sheath at a gas pressure of p = 8 Pa (argon) and a moderate rf-voltage
of Uy = 100 V,p. At these parameters, it is M =~ 1 the Mach number of the ion flow,
n; ~ 10 m™3 the ion density and T, ~ 3 eV the electron temperature. The plasma chamber
is mounted into the superconducting magnet system SULEIMAN providing a homogenous
magnetic field of up to 4 T at its center. Here, we have chosen the magnetic field to be aligned
with the sheath electric field and the force of gravity and are interested in a range of magnetic
inductions between B = 0.2 T and B = 2.5 T for the following reasons. At these parameters
the electrons are fully magnetized (H. > 1) and a change of the magnetic induction should
have only a minor effect on the electron dynamics. Since the flow of ions within the plasma
sheath and the magnetic field are aligned, the sheath structure is almost independent of the
magnetic induction, which we have verified by measurements of the plasma glow (details see
[A.6]). Thus, we can relate changes of the resonances of the particle pair to a modification
of the dust charge or interaction forces. At B > 2.5 T, the filamentation of the plasma
discharge [50] becomes too strong, which destabilizes the confinement of the particle pair
and inhibits further measurements. Moreover, at B = 0.2 T, the magnetization of the ions
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is B; =~ 0.15 and at B = 2.5 T it is §; & 3. Thus, in this range of magnetic inductions the
ions become magnetized and this is just the parameter range where the LRT calculations
[Fig [5.4{(c)] predict the ion wake to react sensitively to the magnetic induction.

Here, the particle pair is aligned parallel to the flow of ions, as it was the case for the
measurements of the unmagnetized ion wake presented in the previous section [5.3] The
confinement frequencies of both dust particles and the nonreciprocal interaction forces were
measured by means of the phase-resolved resonance method (Sec. for the entire range of
magnetic inductions. In Fig.|5.5(b), the confinement frequencies of the upstream (wy, circles)
and the downstream particle (wq, squares) are plotted versus the magnetic induction B. The
measurements were started at B = 1.8 T, then the magnetic induction was ramped down to
B =0.2 T and ramped up again to B = 2.5 T, which is denoted by the dashed line. There is
a small drift of the confinement frequencies w;, which may result from a change of the plasma
parameters or the properties of the dust particles over the measurement time of a few hours
(see Sec. , which will be neglected in the following. Apart from that, both confinement
frequencies are to a good approximation constant and can be seen as a measure of the dust
charge of both particles, because it is wjz x @; according to Eq. . Thus, for the presented
measurement, the dust charge does not depend on the magnetic induction, which is further
supported by the observation that the levitation height of the particle pair is constant for
the entire range of magnetic inductions. For the upstream particle this a reasonable result
because the charging currents onto the upstream particle are similar to those of an isolated
particle, since the charging of the upstream particle is not affected by the downstream particle
(Sec. . For isolated particles, Patacchini et al. [44] argued that the ion current to the
dust grain is not affected by the cyclotron motion of the ions, when the particle radius is
small compared to the averaged Larmor radius of the ions and the Debye length, which is the
case for the experiments presented here and the entire range of magnetic inductions. Thus,
the magnetization of the ions should not affect the charging of the upstream particle. For
the downstream particle, however, the situation is more complex. In the previous section [5.3
we have seen that particles in the wake of another are partially decharged, as it is found in
simulations [I72] as well. Here, this decharging effect is not further modified by the magnetic
field. To my best knowledge, there is no theory or simulation available addressing the question
of the charging of particles in the wake of another in an magnetized plasma flow. This issue
might be taken up in the future and is beyond the scope of this thesis.

The interparticle forces, on the other hand, are strongly affected by the magnetic field.
In Fig. [5.5(c), the interparticle forces are given in terms of the coupling constants D;j, and
are plotted versus the magnetic induction B and the ion magnetization 8;. At B =02 T
the ions are partially magnetized (8; ~ 0.15) and the measured values of D, show a strong
nonreciprocity of the particle interaction force and are comparable to those measured for the
unmagnetized wake under similar conditions (Sec. . For increasing magnetic induction
there is a monotonic reduction of the interaction forces, which reaches a factor of three for
a magnetic induction of B = 1.5 T, when the ions are magnetized (5; ~ 1.2). Because
the particle charges are to a good approximation independent of the magnetic induction,
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this gradual reduction of the interparticle forces can be attributed to a modification of the
wake-mediated interparticle forces. This result is in qualitative agreement with the LRT cal-
culations [41], 42, 43], see Fig. c). There, a magnetic field damps the wake oscillations and
reduces the electrostatic charge stored within the wake. Thus, the electrostatic force exerted
from the wake of the upstream particle on the downstream particle should be reduced, as it is
observed in the presented experiment. Furthermore, the reduction of the interparticle forces
is found in theory and experiment, when the ion cyclotron frequency w.; becomes comparable
to the ion-plasma frequency wy; (8; = 1).

To conclude, the measurements presented here are the first experimental proof that strong
magnetic fields parallel to the flow of ions can have a substantial effect on the dust-dust in-
teraction force in direction of the flow. Here, a strong reduction of the interparticle forces
is observed, when the ion cyclotron frequency w.; exceeds the ion plasma frequency wy, i.e.,
the ions are magnetized. This weakening of the interparticle forces may be attributed to a
reduction of the wake charge, as it is predicted by LRT calculations [41, 42} 43]. The non-
reciprocal particle interaction is an effective mechanism to transfer energy from the flowing
ions to the dust particles [27] resulting in different types of instabilities [23| 28], 29]. Further-
more, the attractive force from the wake charge is responsible for the formation of particle
chains [23], 24 25]. Thus, a modification of the ion-wake-mediated particle interaction by a
strong magnetic field implies that the structure and dynamics of dust structures in strongly
magnetized plasmas can be substantially different from unmagnetized plasmas. Moreover,
the magnetization of the ions does not influence the charging of the particles. The problem
of wake charging in a magnetized plasma flow may be addressed in the future by computer
simulations and may provide a deeper insight into this topic. This might also be interesting
for space physics, since wake charging is also relevant for the charging of asteroids and space-
crafts in the wake of another [158] or in the wake of planets and moons [165], [197], which are
subject to the solar wind.
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Outlook: magnetized nanodust

An outstanding challenge in dusty plasma physics is the experimental realization of a fully
magnetized plasma, where even the motion of the dust particles is substantially affected by
the Lorentz force [39]. One approach to achieve this goal was presented in Sec. There,
the equivalence of Larmor and Coriolis force was used to mimic the effects of magnetization
by setting a dust cluster into rotation. Here, I like to discuss another approach to tackle
this problem. The main idea is to make use of the strong magnetic fields provided by the
superconducting magnet system SULEIMAN (B = 4 T') and nanometer-sized dust particles,
which have a much larger charge-to-mass ratio as the micrometer-sized particles considered
in this work so far. This chapter is intended as an outlook and two major steps towards this
aim are done: first, we have to give up the capability to resolve single particle motion and
new diagnostics for the dust size and density of nanodust clouds are required. Second, a new
discharge geometry is proposed, which allows the confinement and production of nanodust
clouds in a magnetized plasma column.

One prerequisite for the dust particles to perform a cyclotron-like motion is that the
cyclotron frequency is comparable to, or even exceeds, the neutral gas friction, i.e., the Hall
parameter of the dust Hy is larger than unity. The Hall parameter Hy is inverse proportional
to the dust radius rq4 if we assume a linear scaling of the dust charge on the dust radius
(Qq x r4) [39] and homogeneous spherical particles with mg o 3,

_ Wed 1

H; = xX — . (6.1)
v Td

It is weq = QqB/my the dust cyclotron frequency and the dust-neutral collision frequency
Unq is given by the Epstein friction coefficient Eq. and it is v o< 1/rg4. For the maximum
magnetic induction of SULEIMAN (B = 4 T), a dust charge of Q4 = 60,000e for PMMA-
particles with r4 = 10 pm (see Sec. and a low gas pressure of p = 1 Pa (argon), the
Hall parameter of the dust H; can be extrapolated to smaller dust sizes, which is shown in
Fig. There, it is Hy > 1 for dust radii smaller than 200 nm. Thus, for parameters that
are realizable under laboratory conditions the Lorentz force on nanometer-sized dust grains
may exceed the neutral gas friction force.
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Figure 6.1: Dust Hall parameter H; and ratio of Lorentz and Coriolis force versus the dust
radius for a magnetic induction of B = 4 T and a neutral gas pressure of p = 1 Pa. Starting
point of the extrapolation: Q4 = 60,000e and © = 10 rad/s.

Furthermore, in Sec. we have seen that dust clusters in magnetized plasmas are
usually in rotation and for a magnetic induction of B = 4 T, rotation frequencies of the order
of Q = 10 rad/s are expected, e.g., Sato et al. [48] observed rotation frequencies of up to
Q ~ 3 rad/s for B = 0.3 T in a slightly different discharge geometry. As shown in Sec.
the rotational motion itself results in a pseudo-magnetization of the dust clusters. To ensure
that the dynamics of a rotating dust structure predominately show features of real and not
pseudo-magnetization, the Lorentz force F7, on the dust particles should exceed the Coriolis
force Fe. If we assume that the rotation of the dust structure is primarily due to the neutral

gas motion and the rotation frequency does not depend on the particle size, it is

Fy, Wed 1
— = X — .
Fe 29 7"?1

(6.2)

Here again we assume a magnetic induction of B =4 T and a dust charge of Q4 = 60,000e
for particles with r4 = 10 pm. The ratio F/F¢ versus the dust size is shown in Fig. At
these parameters, the Lorentz force exceeds the Coriolis force for particles with r4 < 200 nm
as we have found it for the Hall parameter H; as well. Therefore, the natural rotation of
the dust structures likewise suggests to choose nanoparticles for the realization of a fully
magnetized dusty plasma in order to suppress the effects of pseudo-magnetization. Thus, an
extrapolation of the Hall parameter and of the ratio of Lorentz and Coriolis force indicates
that it might be possible to magnetize dust particles with radii of the order of 100 nm at
magnetic inductions of a few Tesla.
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An established technique for the production of nanodust clouds in unmagnetized plas-
mas is the growth of amorphous hydrogenated carbon (a-C:H) particles in argon-acetylene
(CoHa) rf-discharges, e.g., see Refs. [198| [199] and references therein. Plasma chemical reac-
tions, coagulation, and accretion processes result in a continuous production and growth of
nanoparticles. In particular, larger dust particles, which are in the accretion phase, have a
narrow size distribution, are of nearly spherical shape, and the particle radius increases al-
most linearly with time [199]. In parallel-plate rf-discharges these nanodust clouds typically
fill the entire discharge, except for a dust-free region in the center (void), until they become
too large and fall out of the plasma volume and a new generation of nanoparticles starts to
grow. This results in a periodic growth of the nanodust population, whereas the period of
one growth cycle Tyowtn depends on the plasma parameters, e.g., CoHa-concentration and
discharge power, and is typically in the range between several 10 seconds and a few minutes.

One advantage of this technique of nanodust production is that we have to make only
minor changes to the existing plasma chambers, which were originally designed for the con-
finement of clusters of micrometer-sized dust particles in the plasma sheath, e.g., a small
fraction of acetylene has to be added to the working gas (argon). Since the particles are
continuously growing in time and single particles cannot be resolved with standard video-
microscopy, new diagnostics for the size and density of nanoparticles are required. For this
purpose, we have developed an Imaging Mie-Ellipsometer (I-Mie), which is introduced in
the following section The I-Mie setup is described in detail in Ref. and allows to
determine the dust size with high spatiotemporal resolution. Moreover, the confinement of
extended nanodust clouds in the presence of strong magnetic fields turns out to be difficult
in a standard parallel-plate discharge and a modified electrode geometry is required. So far,
we have succeeded in confining cylindrical-shaped dust clouds up to magnetic inductions of
B = 0.5 T. Although the dust particles are still not magnetized, these nanodust clouds ex-
hibit interesting dynamical behaviors as shown in Sec. [6.2] There, the benefits of the I-Mie
technique will come into full effect.

6.1 Imaging Mie-Ellipsometry

One established technique for the in-situ diagnostic of nanoparticles is Mie-Ellipsometry. The
idea is to measure the polarization state of light scattered at a nanodust cloud. Then, the Mie
theory [200] relates the polarization and intensity of the scattered light to the size, density, and
optical properties of the dust particles. In the simplest case the particles are monodisperse, are
of spherical shape, and no multiple scattering occurs, which is usually well satisfied for a-C:H
particles growing in argon-acytelene plasmas [199, 201]. There are numerous ellipsometric
techniques to measure the polarization state of light, e.g., see Ref. [202]. In this section,
the idea of using CCD cameras for ellispsometric measurements [203] is taken up in order to
obtain a high temporal and spatial resolution, which is especially useful for the studying of
magnetized nanodust clouds presented in Sec. This section is based on the publication
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Figure 6.2: (a) Sketch of the experimental setup. A vertical laser fan polarized at 45° with
respect to the scattering plane illuminates a vertical cut through a nanodust cloud. The scattered
light is analyzed under +90° by a Rotating Compensator Ellipsometer (RCE) and the Imaging
Mie-Setup (I-Mie). (b) Sketch of the electrode configuration. The field of view of I-Mie is marked
by the rectangular. (c) Spatial distribution of the parameter ¢ [Eq. (6.4)] as measured by I-Mie
for 20 successive frames during one growth cycle in an unmagnetized argon-acetylene discharge.
The Mie theory allows to relate ¢ to the dust size. Here, small dust particles (r4 = 80 nm) are
blue and large dust particles (r4 = 180 nm) are red. The axis at the bottom denotes the time at
which each frame was taken. Taken from .

, whereas a more detailed description of the applied (Imaging) Mie-Ellipsometers can be
found in the diploma theses of H. Ketelsen [201] and N. K&hler [204].

The polarization state of monochromatic light can be fully described by the Stokes vector
S = (Ip,Q,U,V) with Iy being the total intensity, Q = Ij—1,,U = I;4—1_r4 and
V. = 1I, — I, whereas I, I, I/, and I _,/4 are the intensities transmitted by an ideal
linear polarizer at an angle of 0, 7/2, w/4, and —n /4. I; and I, correspond to the intensities
transmitted by an ideal left- and right-handed circular polarizer [205]. The Imaging Mie
setup (I-Mie) sketched in Fig. [6.2(a) allows to determine the parameter @) or the degree of

linear polarization
_L -

I 1+ I
as it is used in Refs. [200, 207]. A laser fan polarized at 45° with respect to the scattering
plane illuminates a vertical cut through a nanodust cloud. The light scattered under an

(6.3)

angle of 90° passes an interference filter and a lens projects an image of the illuminated cut
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through the dust cloud on the sensors of two CCD cameras. A polarizing beam splitter is
used to make one camera (CCD)) sensitive only for the light that is polarized parallel to
the scattering plane and one (CCD ) that is sensitive for the light polarized perpendicular
to the scattering plane. Thus, the two cameras measure the intensities 7, and I spatially
resolved. Furthermore, we used a commercial Rotating Compensator Ellipsometer (RCE) to
analyze the light that is scattered under an angle of —90°. The RCE, which makes use of a
rotating quarter-wave plate, allows to determine the full stokes vector of the scattered light,
but it averages the scattered light about a certain ill-defined volume (poor spatial resolution)
and the time resolution is limited by the mechanical rotation of the quarter-wave plate. In
practice, the scattered light turns out not to be fully polarized, e.g., due to unpolarized light
from the plasma glow or diffuse reflections from the laser light. The unpolarized light modifies
the parameter () as measured by I-Mie and inhibits a direct comparison to the Mie theory
and a determination of the dust size. Therefore, the RCE is needed to measure the degree
of polarization DoP = I,,/Iy, which allows to normalize the parameter @) to the intensity of

the polarized light I,

_Q_  Q
171, DoP Iy’ (6.4)

which then can be related to the Mie theory. In the following, it will be assumed that DoP is
constant over the field of view of the I-Mie technique, which is justified by the measurements
presented in Ref. .

In order to test the I-Mie diagnostic, we studied the growth of nanoparticles in a conven-
tional parallel-plate rf-discharge without magnetic field [Fig. [6.2(b)]. Here, both electrodes
are operated in a push-pull mode and for a discharge pressure of 30 Pa (argon) and a 15%
acetylene admixture a periodic growth instability establishes with Tyowtn &~ 30 s. The field
of view of [-Mie is 44 x 33 mm and is centered around the middle of the discharge. The gap
between the electrodes is 40 mm. The parameter g as obtained from the I-Mie and the RCE
is shown for 20 successive frames during one growth cycle in Fig. |6.2{c). There is a dust free
region (void) in the middle, which is surrounded by an almost monodipserse nanodust cloud.
The dust particles are continuously growing from frame 1 to frame 20. The parameter g,
which is a measure of the particle size, is color-coded. Blue corresponds to a dust radius of
rq = 80 nm and red to ry = 180 nm. The size of the void continuously increases until nearly
the entire dust is removed from the discharge (frame 20), then the next growth cycle starts.
The spatial resolution of I-Mie shows some features of the growth process, which remain
hidden for the RCE or other ellipsometric techniques without spatial resolution [206] 208§].
At the start of the growth process, the particle size is homogeneously distributed over the
entire field of view (frame 1-5). Then a sedimentation of the larger particles becomes visible
and the particles in the lower half of the discharge are found to be significantly larger than
those in the upper half. Furthermore, growth fronts emerge in the upper right corner of
frame 10-15, which might be attributed to a inhomogeneous transport of the molecules and
radicals responsible for the growth of the dust particles due to an inhomogeneous inflow of
the acetylene.
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In comparison to an ellipsometer, which is based on a rotating compensator [209] or
analyzer [208], the I-Mie setup does not measure the full Stokes vector of the scattered light
and is restricted to a reduced set of parameters, e.g., @ or P. But, I-Mie has a spatial
resolution that is given by the optical resolution of the used objective lens or the pixel size of
the CCD cameras, and the time resolution is determined by the frame rate of the cameras and
not limited by the mechanical rotation of optical components. Furthermore, the parameter
q is sensitive to the particle size, i.e., it allows an estimate of the dust radius r4, when the
particles are larger than 15% of the wavelength of the scattered light. Thus, for visible laser
light, I-Mie works best for particles of the order of 100 nm radius. As argued in the previous
section, this is just the size where a magnetization of the nanodust might be possible.

6.2 Nanodust in magnetized plasmas

The combination of the strong magnetic fields provided by the superconducting magnet
system SULEIMAN and the production of nanodust clouds by the growth of a-C:H particles
in argon-acetylene plasmas might be a promising approach to produce a dusty plasma, where
even the dynamics of the dust is governed by the simultaneous effects of collective motion and
magnetization and can be considered as at least partially magnetized. However, the growth
and confinement of nanodust in unmagnetized argon-acetylene plasmas is an established
technique, but there is a lack of experimental works focusing on the production of extended
nanodust clouds in the presence of strong magnetic fields. In fact, the conventional parallel
plate discharge used in the previous section turned out to be not suitable for the growth
of nanodust in magnetized plasmas. Even at moderate magnetic inductions (B = 50 mT) the
confinement of the dust is modified in a way that the dust particles are no longer confined in
the plasma bulk and only small amounts of nanodust reside close the sheath edge. It is the
aim of this section to show that a modification of the electrode geometry allows to confine
cylindrical nanodust clouds up to magnetic inductions of at least B = 0.5 T, which show
some interesting dynamical behaviors. The experiments presented here are a preliminary
study performed in the DUSTWHEEL device, which consists of 24 water-cooled magnets and
allows a maximum magnetic induction of B = 0.5 T in steady state. A detailed description
of the experimental apparatus can be found in Ref. [210]. A transfer of these experiments to
SULEIMAN and an increase of the magnetic induction by one order of magnitude is envisaged
for the near future but is beyond the scope of my PhD work.

By trial and error we found an electrode configuration that allows the growth and con-
finement of nanodust clouds in a magnetized plasma column. A pair of hollow cylindrical
electrodes operated in a push-pull mode produces a distinct plasma column as it is shown in
Fig. a). The width of the plasma column is ~ 2 cm and the axis of the plasma column is
aligned with the magnetic field and the force of gravity. Characteristic for this plasma column
is a hollow density and potential profile in radial direction with steep gradients at the outer
edges of the plasma column, as it is shown in the Diploma thesis of D. Gruner [211]. At low
and intermediate rf-powers (P ~ 1 —20 W) and gas pressures in the range of p = 1 — 50 Pa
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Figure 6.3: (a) Cylindrical plasma column, which is aligned parallel to the magnetic field and
the force of gravity. The region, where the nanodust is confined, is marked by the red rectangular.
(b) Dust density waves in a cylindrically-shaped dust cloud at B = 0.5 T. (¢) Two successive
snapshots of an unstable dust cloud, which ejects dust particles to the side, observed with I-Mie.
The particle-size is color coded from blue (small) to red (large).

(argon) the admixture of acetylene results in the formation of cylindrical nanodust clouds in
the center of the plasma column for magnetic inductions up to B = 0.5 T, which is the max-
imum realizable field strength provided by DUSTWHEEL. So far, the spatial distribution of
the forces relevant for the confinement of the dust particles, e.g., electric field and ion drag
forces, remain unclear and there are currently efforts to gain a detailed understanding of the
dust confinement in this configuration [212].

Although the Hall parameter for the dust is significantly less than unity and the dust
is not magnetized (Hy < 1), these dust clouds can exhibit interesting dynamical behaviors,
which strongly depend on the discharge parameters and the amount of acetylene available
for the growth of the dust particles. Two examples are shown in Fig. b,c). As in the
previous section [6.1], a laser fan illuminates a vertical cut through the middle of the dust
cloud. In Fig. b) a snapshot of a dust cloud with a flat density profile about the axis
is shown. Dust-density waves appear in the upper and lower third of the dust cloud, which
are propagating in vertical direction towards the upper and lower edge of the dust cloud,
whereas the wavelength is short in comparison to the vertical expansion of the dust cloud.
The merging of wave fronts, which can be clearly seen in the inset of Fig. b), has been
studied in detail for dust-density waves observed in clouds of micrometer-sized dust grains
under microgravity conditions [213, 214]. This may be attributed to a spatial variation of the
local plasma parameters, e.g., dust charge or dust density. Furthermore, the pure existence of
the dust-density waves might be an indication for the presence of ion flows. In particular, for
small ion drift velocities, the wave is expected to propagate in direction of the ion flow [215].

Moreover, dust-density waves propagating radially inwards can be seen in the left-hand side
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of Fig. b), whereas the wavelength is roughly a factor of four larger than the wavelength
found for the waves propagating in the vertical direction.

In addition, we observed another type of instability, where a fraction of the dust is sud-
denly ejected perpendicular to the magnetic field (radial dust ejections). This instability
is typically more pronounced when a positive dc bias with respect to the grounded plasma
chamber is applied to the driven electrodes, e.g., Upjas = 100 V for the experiment presented
here. In Fig. 6.3{c), two snapshots of such a dust cloud taken with the I-Mie technique are
shown. The time interval between the two frames is 20 ms and the size of the particles is
color-coded from blue (small particles) to red (large particles). Since this measurement was
not calibrated with the RCE, this color-coding gives only a qualitative measure of the particle
size. Obviously, there is a sedimentation of the larger particles in the lower third of the dust
cloud. From frame 1 to frame 2, we see a sudden release of dust particles to the right-hand
side, perpendicular to the magnetic field. This radial ejection of dust particles starts at the
bottom of the dust cloud and is followed by smaller particles in the outer layer of the cloud.
So far, the mechanism of this instability is unclear and an analysis of this effect is left for
future works.

To conclude, a dusty plasma where even the dust component is at least partially mag-
netized, might be realized by the combination of nanoparticles (ry = 100 nm) growing in
an argon-acetylene discharge at low gas pressures (p = 1 Pa) and strong magnetic fields
(B =4 T) provided by the superconducting magnet system SULEIMAN. For the extrapo-
lation of the dust Hall parameter H,; and the influence of pseudo-magnetization in Sec. [6] a
reduction of the particle charge was omitted, when the charge density provided by the dust
particles is comparable to the charge density of the electron population (Qing =~ en.) and
there is a competition of the dust particles for the free electrons and ions [216, 217, 218].
This lowering of the dust charge reduces the Lorentz force exerted on the dust particles and
may be a handicap for the magnetization of a nanodust cloud. However, this effect might be
compensated by a further reduction of the particle size (rqy < 100 nm), since Hy is inverse
proportional to the dust radius. Moreover, there is room to further lower the discharge pres-
sure (p < 1 Pa) or to choose a lighter working gas than argon, e.g., helium, to further reduce
the friction force experienced by the dust particles. In case that the natural rotation and the
pseudo-magnetization of the dust cloud (Sec. turns out to be a problem, an additional
bias voltage as applied by Sato et al. [48] might be used to lower the rotation frequencies to
a tolerable value.

Here, two important steps towards the studying of magnetized nanodust clouds have been
made. First, a new electrode geometry is proposed, which has proven to confine nanodust
clouds up to magnetic inductions of B = 0.5 T. A test of this setup at magnetic inductions
of up to B = 4 T is envisaged for the near future. Furthermore, the I-Mie technique is a
promising tool to study the dynamics of nanodust clouds in detail. As shown in this section,
I-Mie allows to resolve dynamical features of these nanodust cloud, e.g., dust-density waves
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and radial dust ejections in space and time and provides important parameters as the dust
size and, in principle, the dust density. Moreover, the dust clouds confined in a magnetized
plasma column show a complex behavior, which itself is interesting and it will be a new

challenge to study phenomena like dust-density waves in the presence of strong magnetic
fields.
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Summary and Conclusions

The focus of this work was laid on the dynamics of dust clusters confined in the plasma sheath
in the presence of ion flows, strong magnetic fields and the effects of rotational motion. Dust
clusters were set into rotation either by an axial magnetic field or mechanically by a
sheared neutral gas drive excited by a rotating electrode. Especially the rotating electrode has
proven to be a robust tool to study dust clusters under the influence of centrifugal , ,
shear [122] or Coriolis forces and to mimic giant magnetic fields . The phase-resolved
resonance method (PRRM) was introduced to detect small changes of the charge-to-mass
ratio of single dust particles , and to precisely quantify the dust-dust interaction
force in two particle systems , . In particular, strongly magnetized plasmas were
studied by means of the superconducting magnet-system SULEIMAN, which is one of only
a few devices world wide designed to study dusty plasmas in the presence of strong magnetic
fields up to 4 T. Lastly, it was shown that Imaging Mie-Ellipsometry (I-Mie) is a promising
diagnostic to study the spatiotemporal dynamics of nanodust clouds . The key results
of this work are summarized by the following statements:

Neutral gas flows at typical dusty plasma parameters are still in a laminar regime:
For typical experimental parameters, the Knudsen number of the neutral gas is of the order
of 1/100, which suggests that neutral gas flows are at the transition from the hydrodynamic
to the Knudsen regime [I18]. Using the dust centrifuge as a well-defined neutral gas drive
it could be shown that the gas flow can be still described by the Navier-Stokes-Equation
assuming a no-slip boundary condition for the gas flow (hydrodynamic regime). The con-
cept of laminar gas flows is one important prerequisite for different models describing the
rotation of dust structures in the presence of magnetic fields, see Refs. [110, 111, 112] and
. Characteristic is a sheared gas flow in front of the electrodes, which provides a natural
explanation, why dust clusters, which are confined closer to the electrode (heavier particles
or altered plasma parameters), exhibit a slower rotation [112].
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Magnetized plasmas are naturally in a rotating state:

In a laboratory plasma, sheath electric fields or ambipolar electric fields within the plasma
bulk are inevitable, because of the finite size of the plasma. An additional axial magnetic
field deflects the electrons and ions in the azimuthal direction due to a drift in crossed (radial)
electric and (axial) magnetic fields and the plasma column rotates about the discharge axis.
In addition to the azimuthal component of the ion drag force [52], the collisional momentum
transfer from the rotating plasma column sets the entire neutral gas column into a globally
sheared rotation, which is one source of dust cluster rotation in the presence of magnetic
fields. Thus, in magnetized plasmas, rotational motion is not only a feature of the electrons
and ions, but also of the neutral gas and the confined dust clusters. A global neutral gas
motion gives a natural explanation for the sense of rotation of dust structures in certain ex-
perimental configuration [A.1],[I11] and the magnitude of the observed rotation frequencies

[145], [146], 148] compared to the classical ion drag model, which assumes a neutral gas at rest.

Controlled dust cluster rotation can be used for diagnostic purposes:

For 2d clusters confined in the plasma sheath, the horizontal dust-dust interaction force can
be well described by a Yukawa potential [69] [70], whereas it is difficult to deduce the effec-
tive dust charge Qe and the screening length s from the plasma parameters (see Sec. 4.2)).
Therefore, experimental techniques to measure these quantities are of key interest. The dust
centrifuge allows to probe the dust-dust interaction by exerting centrifugal forces on the
dust particles and to measure Q.g and As. In contrast to the (phase-resolved) resonance
method [14] 93], this technique does not require any knowledge about the local plasma
parameters, which are difficult to determine. In principle, this technique is also applicable
at higher gas pressures, where other common techniques like the analysis of normal modes
[128,129] 130] or dust waves [125] 126} [127] suffer from the strong damping of the dust motion
due to the neutral drag force. The dust centrifuge is a new tool to systematically study dust
ensembles under the influence of centrifugal [A.3], Coriolis or shear forces [122].

Dust cluster rotation mimics the effects of giant magnetic fields:

Physical systems governed by the simultaneous effects of strong coupling and magnetization
are currently of high interest. Magnetic fields are believed to have a strong effect on, e.g.,
diffusion properties [45], wave spectra [139, 142, [143] and extreme states of matter [I137]. For
strongly-coupled clusters of micrometer-sized dust particles confined in the plasma sheath,
the small value of the charge-to-mass ratio of the dust particles inhibits a magnetization, even
for strong magnetic fields of the order of a few Tesla. One way to overcome this limitation
is to mimic the magnetization of the dust particles and to replace the Lorentz force by the
Coriolis force, since both forces are mathematically equivalent (Larmor theorem [51]). In
this work, a proof-of-principle of this approach was given. Here, the oscillation spectra of
a rotating dust cluster clearly shows features of magnetization [I36]. Thus, rotating dusty

plasmas are a new approach to study the simultaneous effects of strong coupling and (pseudo)
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magnetization under laboratory conditions.

The phase-resolved resonance method (PRRM) is highly sensitive for changes of
the charge-to-mass ratio of single dust particles:

In this work a modification of the classical resonance method [14} [93], 94] has been proposed,
which allows to determine the confinement frequency of single dust particles with better than
1%o precision by measuring phase and amplitude of a forced oscillation. This high accuracy
makes PRRM sensitive for small changes of the charge-to-mass ratio of single dust particles.
Therefore, secondary order effects become visible, which we have not been aware of so far.
Even in pure argon plasmas, the longtime stability of MF- and PMMA-particles suffers from
outgassing, coating and sputtering processes and over a few hours of measurement time a
substantial change of the particle mass was observed. Moreover, PRRM allows to monitor
the effective sputtering of PMMA-particles in the plasma sheath and to extend the idea of
using microparticles as plasma probes (see [106], and references therein) to measure the
structure of the plasma sheath with high spatial resolution in comparison to measurements
that make use of particles with different sizes [102, [104], hyper gravity [8], or thermophoretic
forces [106].

PRRM allows to quantify the decharging effect of particles in the wake of another
and the strength of the interaction force:

In the plasma sheath, the negatively charged dust particles polarize the flow of ions and
extended wake structures are formed downstream to the dust particles. In particular, these
wake fields have a strong influence on the dust-dust interaction force parallel to the ion flow.
For a generic model system of two particles, PRRM allows to quantify two important features
of the ion-wake-mediated interaction force: a strong nonreciprocity and a partial decharg-
ing of the downstream particle in the wake of the other. Both effects turned out not to
be independent of each other, since the decharging effect in combination with the external
confinement enhances the nonreciprocity of the interaction force. This results might help
to improve models [186] 187, 188 190], which are describing the transition from a vertical
to a horizontal aligned particle pair, when altering the discharge parameters. There, the
decharging effect is not taken into account and at least in the vertical configuration, a lower-
ing of the confinement frequency (particle charge) should reduce the levitation height of the
downstream particle, which might affect the stability of this configuration.

Strong magnetic fields modify the structure of ion wake fields:

A magnetic field parallel to the flow of ions can alter the structure of ion wakes, because the
deflection of ions in the Coulomb field of a charged dust particle can give the ions a significant
lateral velocity component, which leads to a helical ion motion. Here, we have found that
a modification of the ion wake results in a lowering of the ion-wake-mediated interparticle
forces, when the ion cyclotron frequency becomes comparable to the ion plasma frequency
(wWei/wpi = 1), i.e., the ions become magnetized. This result is in qualitative agreement with
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linear response calculations [41], [42] [43], which predict a reduction of the wake charge for
increasing magnetic inductions and which in turn lowers the electrostatic interaction force
between the ion wake and a nearby dust particle. For many dusty plasmas experiments, and
especially for those performed in the plasma sheath, ion wakes are known to considerably
influence the structure and dynamics of dust clusters, e.g., see Refs. [23] 28| 185] [190]. Thus,
the behavior of dust clusters in the presence of strong magnetic fields can significantly differ
from unmagnetized plasmas.

Extended clouds of nanodust can be confined in strongly magnetized plasmas:
Nanoparticles are one promising candidate for the experimental realization of a fully mag-
netized plasma [39], where the dust dynamics is governed by the simultaneous effects of
collective motion and magnetization. In unmagnetized plasmas, the production and growth
of nanoparticles in argon-acetylene discharges is a well known process. These nanoparticles
form extended clouds, which fill the entire discharge volume. However, a small magnetic field
of just a few mT was found to destroy the dust confinement in a conventional parallel-plate
discharge. Here, a modified electrode geometry of two hollow-cylindrical electrodes operated
in a push-pull mode was proposed to solve the problem of dust confinement in a magnetized
plasma. So far, this new configuration was tested for magnetic inductions up to B = 0.5 T.
An increase of the magnetic induction by one order of magnitude, which might allow to (par-
tially) magnetize the dust, is envisaged for the near future.

I-Mie allows to measure size and density of nanodust particles with high spa-
tiotemporal resolution:

In contrast to micrometer-sized dust particles, standard video microscopy does not allow to
resolve individual particles in nanodust clouds. Therefore, new diagnostics for the dust den-
sity and size are required. Furthermore, a high temporal and spatial resolution is desirable,
since the time scales of the motion of nanoparticles is much shorter and an inhomogeneous
plasma may lead to a spatial distribution of the dust size. To meet those requirements we
have build up an Imaging-Mie-Ellipsometer (I-Mie) based on two high-speed video cameras to
measure the polarization ratio of the scattered light with spatial resolution. This technique
has proven to resolve different types of instabilities of nanodust clouds, e.g., dust-density
waves, in space and time and allows a reliable measurement of the particle size for dust
particles larger than 15% of the wavelength of the scattered light. Thus, I-Mie provides key
parameters for the studying of the dynamics of nanodust clouds.
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Effect of neutral gas motion on the rotation of dust clusters
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Experiments are carried out to investigate the rotation of dust clusters in a radio-frequency plasma
sheath with a vertical magnetic field. Our observations are in disagreement with the standard model,
in which it was assumed that the neutral gas is at rest and that a steady rotation is attained when the
ion-drag force is balanced by neutral friction. Here, we re-examine this basic assumption by
carefully designed experiments. Our results suggest that the neutral gas is set into rotation by
E X B induced ion flow through ion-neutral collisions and that the dust particles are advected by this
flow. A hydrodynamic model is proposed to describe the rotation of the neutral gas and it can explain
our observations. © 2009 American Institute of Physics. [DOI: 10.1063/1.3063059]

I. INTRODUCTION

In the presence of a vertical magnetic field, two-
dimensional (2D) dust clusters suspended in the sheath of a
radio frequency (rf) discharge were found to perform a slow
rotation about the vertical axis.'™ In most experiments, the
sense of rotation was found to agree with the azimuthal com-
ponent of the ion motion that results from a radial electric
field that confines the cluster in combination with the perpen-
dicular, axial magnetic field."™ In general, a similar behavior
was found in multilayer systems,s’6 but the rotational veloc-
ity was characterized by a vertical shear with increasing an-
gular velocity in the upper layers. Most authors assume that
the ion motion exerts an ion drag force on the dust particles,
which sets the cluster into rotation.””® The effect of an ion
E X B drift on a dust cloud had been experimentally demon-
strated in Ref. 7, where a dust stream along the magnetic
field was deflected in the E X B direction. In the regime of
weak magnetic fields (B<<0.05 T, typically) the monolayer
clusters are found to rotate as rigid bodies and the angular
frequency generally increases with the magnetic field.>>>¢
At high magnetic fields, a radial velocity shear is found in
monolayer clusters.*

Simple models for cluster rotation were discussed in
Refs. 3, 4, and 8. The common feature of these models is the
balance of the azimuthal component of the ion drag force
with the neutral drag force, which dust particles experience
when they move with respect to a neutral gas at rest. The
same basic concept was used in simulations of dust transport
in magnetized radio-frequency (rf) discharges under
microgravity.9 A detailed simulation of the electric field dis-
tribution in a weakly magnetized rf-discharge combined with
the force balance from ion drag and friction in a neutral gas
at rest was described in Refs. 10 and 11. It was found that 2D
clusters performed a rigid rotation and that the angular fre-
quency increased linearly with the strength of the magnetic
field. Only in one papelr1 it was conjectured that the dust

YElectronic mail: carstensen @physik.uni-kiel.de.

1070-664X/2009/16(1)/013702/8/$25.00

16, 013702-1

cluster may be embedded in a rotating neutral gas which is
set into motion by the azimuthal component of the ion mo-
tion. Other recent observations that may be related to cluster
rotation are the spurious dust rotation in a magnetron
device,12 the formation of vortex patterns,13 and a kind of
dust gyromotion.14

Apart from experiments with flat clusters in rf dis-
charges, there are observations of dust cloud rotation in nar-
row magnetized gas discharge tubes (see Refs. 15-17, and
references therein). Particles trapped in a striation were
found to perform a rotational motion and the angular velocity
was found to change sign when the electrons become mag-
netized. In Ref. 15 it was concluded that the reversal of the
angular velocity is a hint that the driving force for the rota-
tion of the dust clouds is the ion wind force rather than
neutral gas rotation. The reversal of the angular velocity
for increasing magnetic field was recently attributed to the
reversal of the radial ion velocity, which is outward at low
and inward at high magnetic field."® A similar reversal of
angular motion was found in recent independent
experiments.17 Successful measurements by laser induced
fluorescence of simultaneous vortex flows of neutral atoms
along and against the EX B direction were very recently
reported.18

Therefore the role of neutral gas motion in magnetized
plasmas and its competition with direct ion-drag force on
dust particles is still an open issue. It is the very purpose of
the present paper to re-examine the assumption of a static
neutral gas background and to obtain more hints from care-
fully designed experiments about the effect of the neutral gas
flow on the rotation of the dust cluster, while self-consistent
theories and simulations are lacking.

The paper is organized as follows: In Sec. II the experi-
mental setup and experiments with different boundary con-
ditions are described. In Sec. III, discharge simulations with
different refinements are presented. Cluster rotation by gas
flows is studied in Sec. IV experimentally and with a hydro-
dynamic model. The results are discussed in Sec. V.

© 2009 American Institute of Physics
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FIG. 1. (Color online) Sketch of the experimental arrangement. An argon
plasma is established between the driven lower electrode and the chamber
wall. The vacuum chamber has four large side windows and a large circular
top window. Two magnetic field coils provide a homogenous magnetic field
at the position of the dust cloud.

Il. EXPERIMENT
A. Experimental setup

The experiments presented here are carried out in a
13.56 MHz capacitively coupled parallel plate rf discharge.
Figure 1 shows the experimental setup. The lower powered
electrode has a diameter of 10 cm and is radially terminated
by a grounded Faraday shield, which is separated by a gap
filled with PTFE dielectric. The chamber wall acts as
grounded electrode. For dust confinement, a cylindrical cav-
ity of 20 mm diameter and 2 mm depth is milled into the
center of the lower electrode. The vacuum chamber has an
inner diameter of 220 mm and a height of 170 mm. The
vacuum pump and the gas inlet are connected to a common
port at the bottom of the chamber. The pump and gas han-
dling system are decoupled from the plasma chamber by a
ring-shaped cover plate that encircles the powered electrode
and has an equidistant pattern of holes. In this way the gas
flow through the plasma volume is minimized. During the
observation of cluster motion, the entire pump and gas han-
dling can be completely separated by closing a butterfly
valve.

To investigate dusty plasma under the influence of a
weak magnetic field, a set of two coils of 30 cm diameter
and a distance of 20 cm is mounted around the chamber,
providing a homogeneous magnetic field of up to 15 mT at
the electrode. The experiments are performed in argon and
the discharge parameters are p=15Pa, Uy=200V,, and
n,=5.8 X 10" m™3. The weak magnetic field has a negligible
influence on the plasma parameters. The particles used in

Phys. Plasmas 16, 013702 (2009)

these experiments are monodisperse melamine formaldehyde
spheres with a diameter of 12.07*0.21 um. The charge
0=9000 e of the particles was obtained by the resonance
method." The dust clusters are illuminated by a horizontally
expanded laser fan with 16 mW @650 nm and are observed
with two CCD cameras from the top and from the side. The
dust clusters float at typical heights of z=5—10 mm above
the lower electrode, depending on the discharge conditions.

B. Experimental results
1. The confining electric field

Langmuir-probe measurements yield an electron Debye
length Ap.=~0.3 mm near the sheath edge, which is compa-
rable to the typical interparticle distance d of a two-particle
cluster. Because of the supersonic ion flow in the sheath, we
neglect the ion contribution to shielding. Simulations (see
Fig. 5 below) show that the confining potential ¢.(r) is ap-
proximately parabolic for small . The interaction force be-
tween the two particles in the horizontal plane can be ap-
proximated by a shielded Coulomb potential21

exp(— )\llDL) (1)

0
Dine(r ij) = 4
TEYT; ij
Hence we can estimate the radial confining electric field at
the equilibrium position of the two particles E,(d/2) from

the force balance with the repulsive force

o
2 47T€0d d )\De )\De

Then, the confining electric field increases linearly with the
radial position r and becomes

d\2
E.(r)= Er<§)gr ~53X10°Vm™r. (3)

The vertical component of the electric field at the levitation
height of the cluster can be estimated from an equilibrium
with the particle weight force, E.=(mg)/Q~9000 V m™' for
a particle mass of m=1.37X10"'? kg.

2. Observation of cluster rotation

In the basic configuration of the experiment shown in
Fig. 2(a), we investigate small 2D clusters comprised of
three radial shells. Figure 2(b) shows a long-exposure photo
(3 s) of a rotating cluster with 21 particles at 3 mT magnetic
induction. The dependence of the rotation frequency on the
magnetic induction is given in Fig. 2(c). A critical magnetic
field of 1 mT is needed to set the cluster into rotation. The
rotation frequency then increases with the magnetic induc-
tion but saturates at about 3 mT and tends to decrease for
higher magnetic field. Earlier simulations of this situation
had resulted in a linear dependence of the rotation frequency
on the magnetic field."

The observed sense of cluster rotation is against the ex-
pected local EX B direction. In the configuration (a), the
magnetic field vector points downward and the confining
electric field E, points radially outwards, resulting in a coun-
terclockwise rotation (when seen from above), whereas the

Downloaded 21 Oct 2010 to 134.245.68.41. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions
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FIG. 2. (a) Setup with a top glass window 100 mm diameter. (b) Corre-
sponding dust cluster rotation with a long exposure of 3 s (B=3 mT). The
arrow gives the sense of rotation. (c) Dependence of the cluster rotation
frequency on the magnetic induction.

observed motion is clockwise. This is in conflict with the
assumption that the rotation is caused by the local ion-drag
force that results from the azimuthal component of the ion
flow. Both findings, the opposite sense of rotation and the
nonmonotonic dependence of the rotation rate on the mag-
netic field strength, suggest that there is a competition of
forces at work.

3. Influence of neutral gas flow

The observations described above give rise to the as-
sumption, that an azimuthal component of the ion flow out-
side of the region that contains the dust cluster may lead to a
global rotation of the neutral gas column, which in turn sets
the cluster into rotation. A reversed radial electric field can
be expected at the periphery of the driven electrode. To test
this hypothesis we have, in a second step, modified our ex-
perimental setup by placing a cylindrical glass tube of
7.5 cm diameter and 5 cm height on the driven electrode
[Fig. 3(a)]. Further, we have blocked the external gas rota-
tion by a mesh grid on top of the glass tube. With the method
described in Sec. IV A we have checked experimentally that
the grid interrupts any neutral gas motion from penetrating
into the glass tube. In this way, neutral gas rotation in the
exterior region should be decoupled from the volume con-
taining the cluster. A long-time exposure photo of a three-
shell cluster is shown in Fig. 3(b).

Figure 3(b) shows that the cluster rotation is now coun-
terclockwise and becomes very slow (T=107 s). The depen-
dence of the rotation frequency on the magnetic induction is
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FIG. 3. Sketch of modified experimental setups. (a) A glass tube covered
with a grid is placed on the driven electrode. (b) Long-time exposure photo
of the rotating clusters at standard plasma density and B=10 mT. (c) De-
pendence of the rotation frequency of the cluster as a function of magnetic
induction at an enhanced discharge voltage Uy=300 V,,,.

shown in Fig. 3(c) and is linearly increasing as expected
from simulations.'’ These findings support our hypothesis
that the observations in the original discharge geometry are a
superposition of nonlocal ion forces, which set the entire
neutral gas into rotation. This superposition of ion flows with
opposite azimuthal components leads to a sense of cluster
rotation against the locally expected E X B rotation at the
position of the cluster.

lll. COMPARISON WITH SIMULATION
A. Global discharge simulation with SIGLO

In order to give a general illustration of the distribution
of plasma density and electric field in the geometry of our
discharge and at typical discharge conditions, we have used
the commercially available SIGLO-2D code.”® This code, how-
ever, does not include a magnetic field and therefore may be
only representative for the case of low magnetic field. The
spatial resolution is restricted to 50X 50 grid points in the
r—z section shown in Fig. 4. In these simulations, the pow-
ered electrode with its central depression is shown in dark
grey. The electrode is radially terminated by a Faraday
shield. The gap is filled with a dielectric medium. The re-
maining walls are grounded. The dense contour lines of the
time-averaged electric potential in Fig. 4(a) show that strong
electric fields only occur near the powered electrode. The
radial electric field inside the central depression of the elec-
trode is positive, whereas it becomes negative at the outer
edge of the electrode and near the Faraday shield.
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FIG. 4. (Color online) Simulation of (a) potential contours and (b) plasma
density distribution with the SIGLO code. The profile of the powered elec-
trode is shaded grey. High positive radial electric fields are found in the
central depression, where the cluster is confined. High negative radial elec-
tric fields are found at the outer edge of the powered electrode and outside
the Faraday shield. (c) Calculated product of radial electric field and ion
density. The plus and minus signs indicate the opposite directions of the
resulting ion fluxes.

In combination with a weak axial magnetic field, the
ions generally follow a drift motion in the direction of the
electric field, but with an additional small deflection into the
E X B direction. Therefore, the local azimuthal motion of the
ions will be counterclockwise in the central depression and
clockwise at the outer rim. By means of ion-neutral colli-
sions, the neutral gas can be set into slow rotation.

The ion density attains its highest values in front of the
powered electrode, as shown in Fig. 4(b), and decreases in
the z and r-direction. The azimuthal component of the ion
flux is determined by the product of the radial electric field
and the ion density, which is shown in Fig. 4(c). This product
takes high positive values only at the inner edge of the cen-
tral depression and high negative values at the outer edge of
the powered electrode and at the outer side of the Faraday
shield.

Comparing the volumes filled by these azimuthal ion
streams, which are proportional to the radius of the respec-
tive edges, and noting that the ion density has only a weak
radial variation, the outer region could have a stronger effect
on neutral gas rotation than the inner region. Qualitatively,
this finding supports our experimental observations that the
superposition of the two sources could lead to the wrong
sense of rotation and that confining the system to the central
volume produces the expected local sense of rotation.

The finite resolution of the SIGLO code, unfortunately, is
too poor to allow making quantitative predictions of the ef-
fect. This is why we have used a different simulation code to
study the ion flow in the central region in more detail.

B. High-resolution simulation
near the central depression

In order to understand dust rotation in the geometry of
Fig. 3(b) in more detail, we have performed computer simu-
lations with the simulation code described in Ref. 10. The
formation and rotation of 2D dust clusters are studied in a
self-consistent manner, based on a dynamical model for rf
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FIG. 5. (Color online) Simulation of the cluster rotation. (a) Potential struc-
ture in front of the confining circular cavity and contour lines for the
strength of the radial electric field. (b) Dependence of the cluster rotation on
the magnetic induction yielding a linear increase.

sheath over an electrode with a central depression in the
presence of an axial magnetic field. However, this code
cannot treat the entire discharge volume with its complex
boundary conditions. Instead, the code provides high spatial
resolution for the limited volume around the central
depression.

The dynamics of the neutral gas was intentionally ne-
glected in this model in order to obtain the pure effect from
ion drag. These simulations use the actual plasma param-
eters, electron temperature 7,, plasma density n;, and dis-
charge pressure, as input. The resultant profiles of sheath
potential ®(r,z) and radial electrical field E,(r,z) are shown
in Fig. 5(a).

Dust particles were then introduced into the sheath and
their motion was tracked by the molecular dynamics method,
with dust charge, sheath electrical field, and ion flow being
provided by the sheath model. In the vertical direction, the
dust particles are usually levitated at the upper edge of the
sheath (6.8 mm above the electrode surface, for 15 Pa),
which agrees well with the experimental observation with
cylinder and mesh grid confinement. Horizontally, they are
confined in the central region of the electrode and form
stable 2D structures, which rotate in a plane perpendicular to
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the magnetic field and in the £X B direction, as expected.
The rotation frequency for a cluster of 19 particles is plotted
in Fig. 5(b) against the magnetic field. The frequency rises
linearly with magnetic field in a large range of magnetic field
and reaches about 5.5 107 Hz at 10 mT. This value, how-
ever, is nearly two orders smaller than that observed in the
present experiment, as shown in Fig. 3(c).

From this finding, we conclude that even in the central
volume the E X B motion of the ions may affect the cluster
particles by local gas rotation. This effect could be more
important than the direct drive by the ion-drag force.

IV. CLUSTER ROTATION BY GAS FLOWS
A. Experiment with a spinning disk

In this section we are interested in studying details of gas
flows close to the electrode. At typical experimental condi-
tions, with pressures in the range of 10 Pa, and for slow
streaming velocity, we can expect a laminar flow of the gas
with no-slip boundary condition at the walls, because both
the Reynolds and the Knudsen number Kn=\/{ are small,
where €~50 mm is a representative length scale, i.e., half
the height of the vacuum chamber.

To produce a laminar shear flow, which is independent
of plasma conditions, a spinning disk of 7 cm diameter was
mounted at zo=5 cm above the lower electrode, as shown in
Fig. 6(a). The dust cluster is simply advected by the gas flow
and serves as a sensitive probe for the rotation speed near
the lower electrode. The velocity field is explored by varying
the levitation height with increasing rf voltage from
80 V,, t0 300 V,,, whereas the pressure was kept constant
at p=15 Pa. The disk is driven by a stepper motor outside of
the chamber. The spinning rate of the disk can be varied from
0.5 to 2 Hz, which is sufficiently low to avoid turbulence.
No magnetic field was applied, in order to ensure that the
observed rotation of the cluster is due to the neutral gas flow
and not due to an ion drag.

The rotation frequency f of the cluster was measured for
two different spinning rates of the disk. When a laminar flow
of the gas is assumed with no-slip boundary condition at the
spinning disk and at the lower electrode, a constant fre-
quency gradient df/dz=f4q/ 20 is expected. The influence of
radial boundaries is neglected for simplicity, but the model
should be valid near the center of the lower electrode.

The observed rotation frequencies near the lower elec-
trode [see Fig. 6(b)] show a constant vertical gradient and
can be extrapolated to zero at =0 as expected from the
no-slip condition. Doubling the speed of the spinning disk
increases the gradient by a factor of 2. The measured gradi-
ent, however, is about 10% lower than expected from the
spinning rate of the disk and its separation from the elec-
trode. This small deviation may be attributed to the neglect
of radial boundaries, which tend to slow down the rotation
speed. Hence, under our experimental conditions, a slow,
laminar neutral gas flow with constant vertical shear can be
established. The change of plasma density that accompanies
the variation of the rf voltage cannot explain the observed
shear flow because a reduction in plasma density is used to
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FIG. 6. (a) A spinning disk is mounted 5 cm above the lower electrode. (b)
Rotation frequency of the cluster vs. levitation height z above the lower
electrode for two different rotation frequencies of the spinning disk. The
validity of the no-slip boundary condition is confirmed by the straight lines
from the origin that match the observed data points.

increase the levitation height. Further, the spinning rate of
the disk was chosen much higher than the plasma-induced
rotation rates to clearly separate these effects.

B. Hydrodynamic model

For a qualitative understanding of the observed differ-
ence between simulation and experiment, we suggest a
simple model taking the neutral gas motion into account. The
basic idea is that ion motion in crossed electric and magnetic
fields has a small velocity component in the azimuthal direc-
tion, which, by ion-neutral collisions sets the neutral gas into
rotation. The neutral gas flow is damped by viscosity and
obeys a sticking condition at the walls. Typical experimental
parameters at p=10 Pa and B=10 mT are ion gyroradius
r.;=14 mm, ion-neutral mean free path (mfp) \;,=0.1 mm,
and argon neutral-neutral mfp A;=0.7 mm.

For an analytic model a few assumptions have to be
made. The only driving force stems from the confining radial
electric field E,. in combination with the axial magnetic field
B.. The driving force is localized in a plasma layer of thick-
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ness h. The boundary condition for the gas flow is, that the
streaming velocities vanishes at the electrode and at the lid.
No radial boundary condition is imposed.

The total ion drift velocity vector i; is given by

iy = p(E, +ii; X B) )

with EC=E,E,+EZEZ having components in the r and
z-direction and B =B.e.. u is the mobility of Ar* from Ref.
22. For calculating the ion flow velocity, any motion of the
neutral gas can be neglected as small. The resulting azi-
muthal drift velocity in the weak magnetic field limit then
becomes

;o= WB.E,. (5)

For small r the confining potential can be considered as har-
monic, which results in a linear dependence u,=w;r. This is
equivalent to rigid rotation at a constant angular velocity w;.
Due to the small Knudsen number Kn, and for a Mach num-
ber M <1, the argon gas can be treated as an incompressible
viscous fluid and obeys the Navier-Stokes equation. Like-
wise, the Reynolds number is much smaller then unity. For
this reason inertial forces can be neglected. Thus, the viscous
damping force in a volume dV at viscosity 7 becomes

dﬁvisc == nAlanV (6)

The driving force due to ion neutral collisions in the
azimuthal-direction is

dl;i,(p = niml-wirvde, (7)

with m; being the ion mass, n; the ion density and
v;,,=f(|vi]) the velocity-dependent ion-neutral collision fre-
quency. The equilibrium of these forces yields
R nm;w;v,, . .
Au, =- wr% =-are,. (8)
n

With a thickness & of the sheath, a gap width H between
electrode and the lid, and a rotation frequency @, of the
neutral gas, the differential equation for the gas flow
becomes

- - - are, forz<h
A, =A(w, X 7) = ¢ )
0 forh<z<H.
If we assume a rigid body rotation of the neutral gas about
the z-axis and a shear flow only in the z-direction @, can be
written as ®,=w,(z)e.. In this case Eq. (9) simplifies to

d’w,(z) J-a forz<h
% - (10)
dz 0 forh<z<H.
By integration we obtain
1.2
—saz"+ciz+cy, forz<h
o )= ° e (11)

—C32+¢y forh<z<H.

The four parameters c;—c,4 can be specified by the boundary
conditions w,(0)=w,(H)=0 and the continuity of w, and its
derivative at h. Then, the rotation frequency of the neutral
gas column is given by
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FIG. 7. Rotation frequency of the neutral gas column for an ion drag drive
located in the sheath of height 4 above the lower electrode [Eq. (12)] for
four different ratios of 1/ H. w,,,, is the maximum value of each curve. The
curve changes from a parabolic dependency in the driven region to a con-
stant slope in the region with no driving force.

o - 322+ h(1 = $W/H)z] for z<h
a(h*2H)(H - 7) forh<z<H.
(12)

w,(2) =

Figure 7 shows the variation of the rotation frequency of
the neutral gas column between the lower electrode and the
top of the chamber. In the bottom layer, where the neutral gas
is driven by the azimuthal ion flow, a parabolic profile is
found, whereas in the region with no driving force the shape
is linear. The maximum rotation frequency

_”imiinin(h h_2> (13)
Wax = 277 2H

is attained at z=h—h?/2H. Because w;*B,, the maximum
rotation frequency increases with B.

For the experimental condition of the experimen-
tal setup, Fig. 3(b), the quantities are as follows: 7=22
X 107 Pas is the viscosity of argon gas for low pressures at
room temperature.23 The ion density 7;=5.8 X 10'* m=3 was
measured by a Langmuir probe. 7=10 mm is the assumed
width of the plasma sheath above the driven electrode. We
expect considerable electrical fields and an associated ion
drift occurs only in the plasma sheath. z; =7 mm is the levi-
tation height of the cluster. H=100 mm is the distance be-
tween electrode and lid. m;=6.64 X 10726 kg is the mass of
an argon ion, v;,=4.5 MHz is the ion neutral collision fre-
quency at a pressure of p=15 Pa. From Egs. (3) and (5),
;=400 s~! can be estimated. For these quantities and a mag-
netic induction of 10 mT, Eq. (12) gives a rotation period of
25 s, which represents a four times higher rotation rate than
the experimental value in Fig. 3(b). However, as expected,
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the hydrodynamical model gives an upper bound of the ro-
tation frequency, because it does not include radial friction
and assumes a constant radial electric field, which is inde-
pendent of z.

V. DISCUSSION AND CONCLUSION

The experiments in the typical discharge geometry had
shown that the observed clockwise sense of cluster rotation
is opposite to the expected local azimuthal component of the
ion drag force, which should lead to a counterclockwise ro-
tation. By comparing the cluster rotation with a situation in
which the pump and gas handling system was shut off, any
unwanted neutral winds could be ruled out as explanation for
the observed sense of rotation. This finding is the first hint
that the cluster rotation is not based on a local force balance
of ion wind force and friction with a neutral gas at rest as
was suggested in Refs. 3, 4, and 8.

Restricting the plasma volume to a cylinder with a grid
on top eliminates any coupling of gas flow in the exterior
region from the interior of the cylinder. In this situation, the
cluster rotation indeed exhibited the expected counterclock-
wise sense of rotation. Therefore, the reversal of the sign of
rotation in the unrestricted original situation could be identi-
fied as the superposition of competing effects. This compe-
tition involves azimuthal ion flows, which have opposite sign
in the exterior and interior region, as shown by global dis-
charge simulations. A reversed radial electric field is found at
the outer edge of the powered electrode [Figs. 4(a) and 4(c)].
In the absence of the flow barriers, the net torque communi-
cated to the gas is apparently governed by the clockwise ion
flows. Presently, the global discharge simulation does not
include a magnetic field. Therefore, it can only be conjec-
tured that the decrease of the rotation speed above a certain
magnetic induction in Fig. 2 is due to a change in plasma
density and potential distribution, which may shift the bal-
ance between clockwise and counterclockwise ion flows in
different parts of the discharge.

Comparing the observed rotation frequency in the re-
stricted volume with simulations shows that the observed
frequency is more than an order of magnitude larger than
expected from the local force balance between the ion drag
force and neutral friction. This is a further hint that also in
the restricted volume a global neutral gas flow develops.
Such a discrepancy between observed rotation frequency and
expectation from a simple model was reported before in
Refs. 3 and 8. Therefore, we conclude that, in our situation,
the ion drag force on the dust cluster is small compared to
the neutral drag force.

Experiments with a rotating disk show that a steady ro-
tational gas flow can be established at a low gas pressure of
10 Pa. The flow velocity was measured by levitating dust
particles at different heights above the lower electrode. This
gas flow was found to have a constant vertical velocity shear
and extrapolation suggests that the no-slip boundary condi-
tions is valid at the electrode.

A simple hydrodynamic model for the gas flow was pre-
sented for the regime of small Knudsen numbers. No-slip
conditions were imposed at the top and bottom of the system.
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However, radial boundary conditions were neglected for sim-
plicity. The model has simple solutions for surface forces and
homogeneous volume forces and is able to give a sufficient
description of the vertically sheared velocity field of the neu-
tral gas rotation. Even the magnitude of the observed speed
of cluster rotation can be estimated from the total torque
originating from ion-neutral collisions and viscous damping
and reasonable agreement is found.

To conclude, the experiments have shown that neutral
gas motion plays an important role in experiments with dust
clusters in a magnetic field, when the neutral gas pressure is
typically 10 Pa. The superposition of opposing ion flow di-
rections in different parts of the discharge can lead to an
unexpected magnitude and sense of rotation. The local ion
wind force on flat two-dimensional clusters is negligibly
small in our experiments. A clear evidence of dominant ion
wind forces can only be expected at much lower neutral gas
pressures and higher degrees of ionization. Such low gas
pressures were only used in the experiments of Nunomura.’
Most previous experimentsl’H’13 were operated at gas pres-
sures higher than those in our experiment and at a compa-
rable degree of ionization. Therefore, our conclusion on the
importance of neutral gas motion pertains to the majority of
observations. In the regime of small Knudsen numbers, the
no-slip boundary condition leads to sheared neutral flows,
which has not been taken into account yet for explaining
sheared cluster motion.
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Effect of Centrifugal Forces on the Interparticle
Distance of Two Dust Particles Confined in a Plasma

Jan Carstensen, Franko Greiner, Lujing Hou, and Alexander Piel

Abstract—Dusty-plasma experiments with flat dust clusters are
often performed in radio frequency discharges at typical gas pres-
sures of 1 to 100 Pa. For the understanding of the structure and
the dynamical behavior of dust clusters, the grain charge and the
effective Debye length are of key interest. Direct measurements of
these quantities are a challenging task because the dust grains are
confined in the plasma-boundary layer, where plasma diagnostics
is difficult. Here, we present a new approach to determine the
grain charge and the horizontal screening length, which does not
require prior knowledge of the plasma parameters. The method is
based on a slow and controlled rotation of the neutral-gas column
due to a rotating electrode. This leads to centrifugal forces to the
dust grains without changing the plasma conditions and allows
studying the interparticle distance of a dust cluster as a function
of its rotation frequency, which directly depends on the particle
charge, the screening length, and the strength of the confining
potential.

Index Terms—Diagnostic techniques, dusty plasma, neutral-gas
flow, particle charge, screening length.

I. INTRODUCTION

UST grains immersed in a plasma attain a negative

charge. The electrostatic force between two grains em-
bedded in a plasma is often assumed to be a Debye-shielded
Coulomb interaction. However, this model is of limited validity.
An analysis by Lampe et al. [1] shows that the potential
distribution in front of a single dust grain in a nonflowing
collisionless plasma can be approximated by a Debye potential

only at intermediate distances
r
e — 1
XP< /\D> )]

_ Qeff
4meqr
where Q). is an effective charge, which is somewhat larger than
the actual grain charge () because of weak ion shielding close
to the grain. The shielding length is

1
1 1\ 2 ne? nez \
Ap=|—=5+ ) = ( + ) (2
Y (A%e Abi cokpT.  eokpT;
where Ap.; is the classical ion and electron Debye length.
For particles confined in the plasma sheath, the situation is

(r)
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more complicated. Due to the ion flow, the potential distrib-
ution becomes anisotropic and can even be attractive (wake
fields [2]). Nevertheless, upstream and to the side, the po-
tential distribution is approximately of the Debye form, i.e.,
the screening length is an angular-dependent effective Debye
length [1], which increases as 6 goes from O (upstream) to
/2 (sideways).

For the experimental determination of particle charge and
screening length, different methods exist. The probably most
common charge-measurement techniques are based on the ver-
tical oscillation of a single dust grain due to a low-frequency
modulation of the electrode voltage [3] or due to the radiation
pressure of a pulsed laser beam [4]. Here, the particle charge
can be determined from the resonance curve of the particle,
if the ion density in the sheath or the vertical electric-field
gradient [5] is known.

As a technique for the diagnostic of the screening length,
Kong et al. analyzed the levitation height of a dust cluster as
a function of an externally applied dc bias [6]. The variation
of the levitation height was taken as a measure of the sheath
thickness. In combination with a collisional plasma-sheath
model [7], this allows an evaluation of the screening length.

Another class of experiments allowing the determination of
particle charge and Debye length simultaneously rests upon the
observation of dust lattice waves in flat-dust crystals [8]-[10],
the analysis of particle trajectories during collisions [11], [12],
or the observation of normal-mode spectra in flat dust clusters
[13]-[15].

All three techniques—the observations of dust waves, the
observation of two-particle collisions, and the observation of
normal modes—have the advantage that no prior knowledge
about the plasma parameters is required. However, they are
restricted to low-gas pressures, where the particle motion is
not strongly damped by neutral-gas friction. In this paper, we
present a new experimental method to determine the particle
charge and the Debye length, which is also applicable at higher
gas pressures. It bases on the introduction of centrifugal forces
to a two-particle dust cluster. This is achieved by a slow rotation
of the neutral-gas column due to a rotating electrode, which
has no influence on the plasma parameters because the flow
velocities of the neutral gas do not exceed a few meters per
second. This is sufficiently slow, in order to avoid any drawback
to the plasma.

II. THEORETICAL BACKGROUND

Here, we consider two identical particles with mass m
confined in the boundary layer of a plasma sheath. Due to

0093-3813/$26.00 © 2009 IEEE
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Fig. 1. Interparticle distance d versus rotation frequency w according to (7)
for different screening length (dotted line) Ap = 1.1din, (dashed line) Ap =
0.4dmin and (dashed dotted line) Ap = 0.1dyin. The solid line indicates the
case of pure Coloumb interaction.

the plasma, the particles attain a real charge (). The resulting
repulsion force Fy can be derived from a screened Coulomb

potential
2 1 1 d
eff
= — +t5 - 3
B 4dmepd <)\D d) eXP( /\D> 3

where d is the interparticle distance, Ap the screening (Debye)
length and Q. > @ is the effective charge [1] of the dust
grains. A rotation of the particles about their center of mass
with an angular frequency w leads to an additional centrifugal
force

F.=mw"—-. 4)

In a steady state, these two forces are balanced by confining
electric fields. Here, the confining potential is considered as
harmonic, therefore, the sum of the forces is

d 2 1 1 d d
20 4 Xeff [ = 4 ) et =
mw” + Ireod (}\D + d> exp< > o 0 ()

where « is the strength of the confining potential.
The quantities Qg and « can be substituted by oz = mw
and

2
max

)\D dmin
2¢ = 2meomuwr udoni b + duin exp( AD ) ©

where wyax 1 the maximum frequency at which the rotating
system is stable and d,,;;, the minimal interparticle distance,
which is attained at w = 0 (no rotation of the cluster). In these
terms (5) becomes

din \° Ap+d dpin —d
— Wmax 1- . 7
v [ (%) s = 5 )] @

Fig. 1 shows the interparticle distance d as a function of w for
different Ap. The full line indicates the case of a pure Coloumb

Nl=
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butterfly valve
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Fig. 2. Sketch of the experimental arrangement. An Argon plasma is estab-
lished between the driven lower electrode and the grounded upper electrode,
which is attached to a rotary joint 5 cm above the driven electrode.

interaction (Ap — 00). The effect of screening can be seen as
soon as A\p is on the order of dy,;,. Here, the pole at wyax
becomes sharper with decreasing screening length.

III. EXPERIMENTAL SETUP

The experiments presented here are performed in a
13.56-MHz capacitively coupled parallel-plate radio-frequency
(RF) discharge. Fig. 2 shows the experimental setup. The
powered lower electrode has a diameter of 10 cm and is radially
terminated by a grounded Faraday shield, which is separated
from the driven electrode by a gap filled with PTFE dielectric.
The upper grounded electrode is placed 5 cm above the driven
electrode. For dust confinement, a cylindrical cavity of 20-mm
diameter and 2-mm depth is milled into the center of the lower
electrode. The vacuum vessel has an inner diameter of 220 mm
and a height of 170 mm. The vacuum pump and the gas inlet
are connected to a common port at the bottom of the chamber.
The pump and gas-handling system are decoupled from the
plasma chamber by a ring-shaped cover plate that encircles the
powered electrode and has an equidistant pattern of holes, in
order to minimize neutral-gas flows. The particles used in these
experiments are monodisperse melamine formaldehyde spheres
with a diameter of (20 4= 0.2) pum. They are illuminated by an
expanded laser (45 mW at 630 nm) and can be observed side on
by a high-speed camera. The dust grains are confined in a layer
typically 5-10 mm above the electrode.

In order to expose the dust particles to centrifugal forces, the
upper electrode is connected via a rotary joint to a dc motor out-
side the vacuum vessel, which allows rotation frequencies of the
electrode of up to approximately 30 Hz. This causes a laminar
rotational motion of the neutral gas, showing a decreasing flow
velocity toward the lower electrode, due to viscose damping
forces [16]. Close to the rotation axis, the rotation frequency
of the neutral-gas column is constant in the horizontal direction
and has a gradient in the vertical direction. Therefore, at the
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Fig. 3. Projection of the interparticle distance d* into the camera plain versus
time 7" for a fixed rotation frequency of the electrode. A Fourier transform of
this time series yields a cluster rotation frequency of f = 0.80 Hz.

position of the dust clusters, rotation frequencies of up to 3 Hz
can be obtained.

IV. MEASUREMENTS

The measurements were performed in an Argon RF plasma at
20 Pa gas pressure and an RF voltage of 300 V,,. Two particles
were confined in the boundary layer 6 mm above the driven
electrode. The particles were illuminated by an expanded laser
and observed by a high-speed camera through one of the side
windows.

For a fixed frequency of the rotating electrode (and of the
cluster), the particle motion is captured with a frame rate of
200 Hz over 16 s. Because the camera observation is made from
the side of the cluster, only the projection of the interparticle
distance d* into the camera plane can be extracted from the
video frames. As an example, Fig. 3 shows the projected in-
terparticle distance as a function of time for a constant rotation
frequency of the cluster. The rotation frequency f of the cluster
and the interparticle distance d can be extracted from this time
series by means of a Fourier transform or by fitting a function
of the form d* = d - | sin(wt — )| to the data points.

The measured interparticle distance for different rotation
frequencies is shown in Fig. 4. A least square fit of (7) to the
data points leads to a particle charge of Qeg = — (65000 +
9000) e and a screening length of Ap = (0.8 £ 0.3) mm. The
given errors are estimated from Monte Carlo simulations [17]
based on the assumption that the frequency resolution is given
by Af = (16s)~! and that the interparticle distance can be
measured within an accuracy of 1.5 pixel (Ad = 7 um).

V. DISCUSSION

The good correspondence of the fit and the measured values
supports the assumption of a Debye-screened Coulomb inter-
action force, although the dust grains are located in the sheath,
and the sheath is collisional (Ar™ mean-free path is Ay, ~
0.2 mm < Ap). The screening length of A\p = 0.8 mm found
by the presented method is comparable with the interparticle
distance d = 0.7 mm. This is in good agreement with results
from other experiments with flat dust clusters in RF discharges
where typically k = d/\p values between 0.5 and 2 are found
[18], [19].
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Fig. 4. Dependence of the interparticle distance d as a function of rotation
frequency f. The solid line is a fit of (7).

The quantitative determination of the horizontal screening
length from the plasma parameters is an open issue, e.g., in
[20], the screening is attributed to the electrons, whereas in
[21], it is argued that at least, at higher pressures, the screening
is dominated by the ions. Recent experiments by Sheridan [22]
have indicated that the horizontal screening length in the plasma
sheath is determined by the local ion density in combination
with the electron temperature.

Under our typical bulk-plasma conditions n; . = 10'® m~3,
T, =3 eV, and T; = 0.03 eV, the Debye lengths are Ap . =
0.4 mm and Ap; = 0.04 mm, i.e., the shielding is dominated
by the ions. We have performed computer simulations of the
sheath with the simulation code described in [23].The simu-
lation shows that the local ion density at the positions of the
20 pm dust particles is roughly half the plasma bulk density.
This density combined with the electron temperature gives an
effective Debye length of Ap ¢ = 0.6 mm, which is in good
agreement with the measured value.

To conclude, the presented rotating-electrode method can be
used as a diagnostic for screening length and particle charge.
The method is applicable at higher gas pressures and does not
affect the plasma properties. The obtained screening length is
in good accordance with the aforementioned references.
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Dusty plasma experiments with flat dust clusters are often performed in the boundary sheath of radio
frequency discharges at typical gas pressures of 1-100 Pa. The interaction of the dust grains is
usually assumed to be of the Yukawa type, which is determined by the particle charge and the
screening length. For the experimental determination of these quantities we present a method that
does not require prior knowledge of the plasma parameters. The method is based on the application
of centrifugal forces by means of a rotating electrode method (REM). The results are critically
compared with an analysis of thermally excited normal modes, which can be studied at pressures
below 10 Pa. The REM has a wider range of applicability that can be extended to 100 Pa. © 2010

American Institute of Physics. [doi:10.1063/1.3478994]

I. INTRODUCTION

The precise determination of dust charging in a plasma
continues to be a challenge. Dust grains immersed in a
plasma attain a negative floating potential, due to the higher
mobility of the electrons. The standard model of orbital ion
motion' (OML, orbital motion limit) yields a surface poten-
tial of ®;=-4kzT,/e for argon and ®;=-2.5kzT,/e for hy-
drogen with T,=T;, independent of the particle radius r;. T,
and 7; denote the electron and ion temperature. The basic
assumptions of this model are a Maxwellian energy distribu-
tion of electrons and ions and an isotropic, quasineutral, col-
lisionless plasma.

In most gas discharges, the condition of a collisionless
plasma does not hold. Ion neutral collisions enhance the ion
current, which leads to a reduction of the negative
potential.z’3 Contrariwise, trapping of ions on Keplarian or-
bits around the dust causes a reduction of the ion current.*

The charge Q of the dust particles is determined by the
floating potential. For small particle radii with r;<<\p, the
capacitance model’ gives

Q=4meyry. (1)

Here )\, is the screening (Debye) length of the plasma.

In the sheath of radio frequency (rf) discharges the
charging mechanism is further influenced by the non-
neutrality of the rf sheath and by a non-Maxwellian energy
distribution of the electrons. Furthermore, the ion current to
the dust grains is modified due to the directed flow of the
ions.

For low gas pressures, plasma production is mainly due
to electrons accelerated by the sheath expansion.6 This
causes an additional electron population at high energies lo-
calized around the sheath edge resulting in a non-
Maxwellian energy distribution of the electrons. It is found
that the surface potential of the dust grains depends on the
particle size and the position within the sheath, resulting in a
nonlinear dependence of particle charge on particle
radius.” '
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Due to the ion flow, the potential distribution around the
dust grains becomes anisotropic and can even be attractive
(wake fields"). Results by Lampe et al.” indicated that, at
least in the horizontal direction and at intermediate distances
from the particle, the potential distribution is of the Debye
form,

B(r) = 22t exp< i), @)

4reyr - \p

which was supported experimentally by Konopka et al.™
Here Z. is the effective charge number, which is somewhat
larger than the actual grain charge number Z because of weak
ion shielding close to the grain.15

In the bulk plasma, the screening is dominated by the
ions because the ion temperature 7; is much smaller than the
electron temperature 7,. However, the origin of screening
within a rf sheath is not fully understood. Because the hori-
zontal screening length in the sheath is often of the order of
the bulk electron Debye length, screening is sometimes at-
tributed to the electrons'>'*" rather than to ions. On the
other hand it is argued that in the sheath the ion density n;
exceeds the electron density n, and the ion kinetic energy is
of the order of kzT,, so shielding is still due to the jons.*"
In a simplified picture, one can say that shielding is deter-
mined by the local ion density in combination with the elec-
tron enelrgy.zz’23

In order to compare experimental with theoretical re-
sults, diagnostics for particle charge and screening length are
needed. To do this, different methods exist. One established
charge measurement technique is based on the vertical oscil-
lation of a single dust grain due to a low frequency modula-
tion of the electrode voltatge24 or due to the radiation pressure
of a pulsed laser beam.”>*’

In Refs. 28 and 29 the levitation height of a dust cluster
was analyzed as a function of an externally applied dc bias.
In combination with a collisional plasma sheath model™ this
allows the determination of the screening length.

Other experiments for the simultaneous determination of
particle charge and Debye length are based on the observa-

© 2010 American Institute of Physics
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tion of dust lattice waves in flat dust Crystals,31733

sis of particle trajectories during collisions,"***
vation of normal mode spectra in flat dust clusters.

All three techniques—the observations of dust waves,
the observation of two particle collisions, and the observa-
tion of normal modes—have the advantage that no prior
knowledge of the plasma parameters is required. However,
they are restricted to low gas pressures, where the particle
motion is not strongly damped by neutral gas friction. For
the regime of higher gas pressures, we have recently pro-
posed a new method,38 which is based on the introduction of
centrifugal forces to a two-particle dust cluster, due to a ro-
tating electrode method (REM).

The intention of this contribution is the comparison of
REM and normal mode analysis as two independent diagnos-
tics for particle charge and screening length in flat dust clus-
ters. It is the aim to proof the validity of the results obtained
by both methods and to discuss its applications and limits.
Furthermore the question of screening within the rf sheath is
addressed.

This work is organized as follows: Sec. II gives a brief
introduction to the theory of REM and normal mode analy-
sis. In Sec. III the experimental setup is described and in
Sec. IV the experimental results are shown. In Sec. V the
findings are discussed. Section VI gives a short conclusion.

the analy-

or the obser-
35-37

Il. THEORY

Here we consider a two-dimensional system of N
charged particles having equal mass m and equal charge
number Z. The interaction potential is of the Yukawa form
(2) and the particles are confined within a harmonic potential
well of the form

V= () o

with w(z) being a measure of the strength of the harmonic
confinement.

A. Normal modes analysis

This system can exhibit normal mode oscillations about
its equilibrium position. The mode frequencies and the cor-
responding particle motion are determined by the dynamical

. 39-4
matrix

FPE

E ;= ——— 4
apf,ij ara,iarﬁ,j ( )

if damping is negligible. a and B=x,y and r,; denote the x
or y coordinate of the ith particle. E is the potential energy of
the dust particles due to the confining potential and the in-
teraction energy between the dust particles. The mode fre-
quencies are obtained from the eigenvalues of the dynamical
matrix, whereas the corresponding eigenvectors contain the
amplitude and direction of motion for each particle.

In this contribution the focus lies on two particle clus-
ters. For this case, E is given by

Phys. Plasmas 17, 083703 (2010)

1 ez d
= Emw(z)(r% + r%) + ﬁexp(— )\—D> . (5)
r; and r, are the radial positions of the first and second
particle in the potential well and d is the interparticle dis-
tance. In this two particle system one finds a twofold degen-
erated sloshing mode, which occurs at the eigenfrequency of
the confining potential well, wy=w, one rotating mode at a
frequency of w,=0 and one breathing mode. The screening
length \p and the grain charge Z.; can be determined from
the angular frequency of the sloshing mode w, of the
breathing mode wy, and the equilibrium interparticle distance
d.

B. REM

If we force a system of two particles to perform a rota-
tion about their center of mass at an angular frequency w, an
additional centrifugal force is exerted on the dust grains. In a
steady state, the centrifugal forces and the Yukawa repulsion
must be balanced by the confining electric field. The confin-
ing potential is considered to be harmonic, V(r)= %mwgrz and
the force balance reads

d 7% (1 1 d d
mw*— + M(— + —)exp(— —) —mwi==0. (6)
2" dmed\N, T d \p 2

The equilibrium distance d of the dust particles now depends
on the rotation frequency. Equation (6) can be written in the
form™®

3 12

w:wcm{l—(@> )\D+dexp<d0_d)] . (7)

d) Np+d, Ap
Here, d, is the interparticle distance at =0 (no rotation of
the cluster). w.;=w, is given by the eigenfrequency of the
confining potential well. If the rotation frequency exceeds
the critical frequency (w> wy;,), the centrifugal force over-
comes the confining force and the particles fly radially out-
ward. (The particles are not longer confined.)

Figure 1 shows the interparticle distance d as a function
of w for different values of \p. The full line indicates the
case of a pure Coulomb interaction (\p,— ). The effect of
screening can be seen, as soon as A\p is of the order of d,.
Here the pole at w.; becomes sharper with decreasing
screening length.

lll. EXPERIMENTAL SETUP

The experiments presented were performed in a
13.56 MHz capacitively coupled parallel plate rf discharge.
Figure 2 shows the experimental setup. The powered lower
electrode has a diameter of 10 cm and is radially terminated
by a grounded Faraday shield, which is separated from the
driven electrode by a gap filled with a polytetrafluorethylene
dielectric. The upper grounded electrode is placed 5 cm
above the driven electrode. For dust confinement, a cylindri-
cal cavity of 20 mm diameter and 2 mm depth was milled
into the center of the lower electrode. The vacuum vessel has
an inner diameter of 220 mm and a height of 170 mm. The
vacuum pump and the gas inlet are connected to a common
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FIG. 1. Interparticle distance d vs rotation frequency w [Eq. (7)] for differ-
ent screening length A\p=1.1 d,;, (dotted line), \,=0.4 d;, (dashed line),
and \=0.1 d;, (dot-dashed line). The solid line indicates the case of pure
Coulomb interaction.

port at the bottom of the chamber. The pump and gas han-
dling system are decoupled from the plasma chamber by a
ring-shaped cover plate that encircles the powered electrode
and has an equidistant pattern of holes, in order to minimize
directed neutral gas flows. The particles used in the experi-
ments are monodisperse melamine formaldehyde spheres
with a radius of 10+ 0.1 and 6 +0.1 um. They are illumi-
nated by a laser fan (200 mW at 532 nm) and can be ob-
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FIG. 2. Sketch of the experimental arrangement. An argon plasma is estab-
lished between the driven lower electrode and the grounded upper electrode.
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FIG. 3. Power spectrum of the center of mass motion (sloshing mode, full
line) and of the interparticle distance (breathing mode, dashed line) for a two
particle cluster (r;,=6 wm).

served side-on by two charge-coupled device (CCD) cameras
under an angle of 90°. The dust grains are confined in a layer
typically 5-10 mm above the electrode.

In order to expose dust particles to centrifugal forces, the
upper electrode is connected via a rotary joint to a dc-motor
outside the vacuum vessel, which allows rotation frequencies
of the electrode up to approximately 30 s~!. This causes a
laminar rotational motion of the neutral gas, showing a de-
creasing flow velocity toward the lower electrode, due to
viscous damping forces.*? Close to the rotation axis, the ro-
tation frequency of the neutral gas column has a gradient in
the vertical direction and does not depend on the radial po-
sition. So, at the position of the dust cluster, rotation frequen-
cies up to 3 s~! can be obtained.

IV. EXPERIMENTAL RESULTS

A. Normal modes

The experiments were performed at 4 Pa gas pressure
and at a rf peak-to-peak voltage of 200 V,,,. The thermal
motion of a two-particle cluster was tracked with two CCD
cameras from the side with 100 frames per second for a total
observation time of 3000 s. This allows to reconstruct the
time evolution of the interparticle distance and of the center
of mass of the cluster. The sloshing and breathing mode fre-
quencies were obtained from the power spectrum of this time
series. In Fig. 3 the power spectrum for both modes for
6 um particles are shown. The line widths of the peaks are a
result of the neutral gas friction. The experimentally deter-
mined frequencies and the resulting effective charge number
and screening lengths for 6 and 10 um particles are summa-
rized in Table L.

The normal mode analysis is particularly suitable for the
regime of low gas pressures, where the particle motion can
be treated as an underdamped harmonic oscillation. Hence,

B < wy. (8)

Here, w is the confinement frequency and
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TABLE I. Experimentally determined values of the sloshing modes wy and
breathing modes wy, angular frequencies in rad/s for different particles radii
r4. Resultant effective charge number and screening length in millimeter.

Ta
(m) Wy Wy Zesy Ap
6 11.0(+£0.3)  22.4(*0.3) 20 600(+=3100) 0.49(*0.11)
10 12.7(+0.6)  24.8(*+0.6) 57 500(*13700)  0.86(*0.42)
8 p
B=o_—"— 9)
T TaPaVth,n

is the Epstein friction coefficient. p is the neutral gas pres-
sure, p, is the mass density of the oscillating particles, vy, , is
the thermal velocity of the gas atoms, and & a coefficient of
the order of unity, which takes into account how the gas
atoms are deflected from the particle surface.”® For rg
=6 um, p,=1514 kg/m> (melamine formaldehyde), wy
=10 rad/s, and argon at room temperature, Eq. (8) leads to
the condition p<<10 Pa. This is fulfilled for the presented
experiments. However, in this parameter regime the normal
mode analysis is ill conditioned. An uncertainty in the mea-
surement of the mode frequencies is enhanced by one order
of magnitude for the determination of the charge number and
screening length. Therefore an accurate measurement of the
mode frequencies is needed, which requires a long observa-
tion time. Furthermore, the power spectrum was averaged
with a Hanning window of 20 s length resulting in a fre-
quency resolution of Af=0.05 Hz. This allows to determine
the mode frequencies with an error smaller than 3%. Thus,
the error of the obtained charge number and screening length
is of the order of 30%.

B. REM

After the observation for the normal mode analysis was
completed, the upper electrode, i.e., the two particle cluster
was set into rotation. For a fixed rotation frequency of the
cluster, the particle motion was tracked by the two CCD
cameras for 60 s. This was done stepwise for increasing fre-
quencies up to the critical value, where the centrifugal force
overcomes the confining force and the dust grains flew radi-
ally outwards. In Fig. 4 the obtained interparticle distance d
is plotted versus the rotation frequency f. The effective par-
ticle charge number, the screening length and the critical
frequency can be obtained from the fit of Eq. (7) to the data
points. The results are summarized in Table II.

The given errors are estimated from Monte Carlo
simulations** based on the assumption that the frequency res-
olution is given by Af=(60 s)~! and that the interparticle
distance can be measured within an accuracy of *1.5 pixel
(Ad=12 um).

The obtained values for effective charge number and
screening length are in good agreement with the results from
the normal mode analysis (previous section). The Debye
length found is of the order of the interparticle distance,
which is a typical result for experiments with flat dust clus-
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FIG. 4. Dependence of the interparticle distance d as a function of rotation
frequency f for particles with 6 wm (diamonds) and 12 um radius (circles).
The solid and dashed lines are a fit of Eq. (7).

ters. Furthermore, both methods show a nonlinear depen-
dency of particle charge and radius, which is contrary to the
standard OML theory.

C. Verification of parabolic confinement

It is essential for the applicability of both techniques as a
diagnostic of particle charge and screening length that the
confining potential is harmonic. The measurement of the
sloshing mode frequency of clusters with different particle
numbers can be used to determine the curvature of the con-
fining potential at the position of the dust grains. In fact, the
one-particle sloshing mode is a measure of the curvature at
the center of the potential well and the two-particle sloshing
mode is a measure of the curvature at the equilibrium posi-
tion of the particles. For this reason, the sloshing frequency
of a one-particle wy; and a two-particle system wy, and the
critical frequency w,;, obtained by the REM method can be
compared. In the case of a harmonic confinement it is

O | = W) 2 = Werig = W, (10)

respectively, the curvature of the confining potential does not
depend on the radial position.

The experimentally determined values for the 6 and
12 um particle are shown in Table III. The measurements
indicate that the confinement can be treated as harmonic, at
least within the range, where the experiments are performed.

Furthermore, in Ref. 42 simulations of the plasma sheath
for our electrode geometry and comparable plasma param-
eters are shown. A detailed description of the code is given in

TABLE II. Experimentally determined values of the critical angular fre-
quency . in rad/s, effective charge number Z¢, and screening length \p
in millimeter.

Tq

(um Werig Zegt Ap
6 10.4(%0.2) 19 500(1800) 0.68(=*0.18)
10 12.4(%0.3) 60 300(=8300) 0.6(=0.16)
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TABLE III. Experimentally determined values of the critical angular fre-
quency w., the frequency of the sloshing mode for one w ;, and two wy),
particles in rad/s.

rq

(pm) Wy 1 Wg1 2 Werit
6 10.4(*0.2) 11.0(%0.3) 10.4(%0.2)
10 12.6(*+0.3) 12.7(%+0.3) 12.4(%0.3)

Ref. 45. As one result it was found that in a wide range of
levitation heights, the potential is harmonic in the horizontal
direction up to radial distances from the axis of 5 mm. The
experiments mentioned above lie clearly within this har-
monic range.

D. Vertical oscillation

Apart from normal modes oscillations in the horizontal
plane, the dust grains perform a thermally excited oscillation
in the vertical direction, too. The vertical oscillation fre-
quency w, can be taken as a measure of the local ion n; and

electron density n,, if the grain charge is known,**
Ze?
wl= n1-a(z)]. (11)
mg€

Here a(z)=(n,/n;), is the time averaged ratio of electron and
ion density depending on the vertical position z within the
rf-sheath.

For w,=125 rad/s (6 um particle) and w,=86 rad/s
(10 wm particle) the resulting densities are shown in Table
IV. Here, different «=0.1,0.2,0.3 are assumed and Z=Z; is
taken from the previous section.

The electron energy distribution in the rf sheath can be
roughly considered as a two temperature Maxwellian with a
small population at high energies.7 Hence, the electron con-
tribution to the shielding length is dominated by the cold
electrons with temperature 7,

2 -1/2
xm:<e"e> . (12)

€okpT,
In a plasma sheath with intermediate collisionality the
streaming velocity of the ions u; is of the order of the Bohm
velocity vp,

TABLE 1V. Electron and ion density n,, n; in 10'* m= for different values
of a and particle radii r,;. Screening lengths \p,, Np;, and \p in millimeter.

rq
(pm) o n; ne Ape Api Ap

6 0.1 4.1 0.41 2 0.63 0.60
0.2 4.7 0.93 1.3 0.60 0.54
0.3 53 1.6 1.0 0.56 0.49

12 0.1 3.0 0.30 2.3 0.74 0.71
0.2 34 0.68 1.6 0.70 0.64
0.3 39 1.2 1.2 0.66 0.57
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kT
uy=vg= A 2e. (13)

m;

Therefore, the kinetic energy of the ions E; is much larger
then their thermal energy. For an isotropic, monoenergetic
. .. . 46 .

ion energy distribution Daugherty ef al.™ gave an ion screen-
ing length of

( 621’1' )—1/2
Api= | ——] . 14
Di 602El' ( )

In Table IV estimations of Ap;, Ap,, and the total screening
length

1 1 -1/2

o) "
are given for an electron temperature of 7,=3 eV.

The screening lengths A\j, derived from the electron and
ion densities are comparable to the screening length mea-
sured in the previous sections. A comparison of electron and
ion Debye length indicates that screening is dominated by
the ions. Furthermore, the local ion density in combination
with the plasma bulk electron temperature gives a good ap-
proximation of \p, as discussed in Refs. 22 and 23,

( 2n. )—1/2

\p = : . 16
2=\ ek (16)
V. DISCUSSION

A. Diagnostics

The analysis of thermally excited normal modes is ap-
plicable at low gas pressures. For the presented experiments
Eq. (8) leads to p<<10 Pa. This is fulfilled for the aforemen-
tioned experiments (p~4 Pa), nevertheless it is a strong re-
striction because dusty plasma experiments are usually per-
formed at pressures between 1 and 100 Pa.

In contrast to the normal mode analysis REM takes ad-
vantage of higher gas pressures. The Brownian motion of the
particles is damped by the gas, which superimposes the clus-
ter rotation and causes noise. Therefore this method, as de-
scribed above, becomes difficult for gas pressures much
lower than 4 Pa.

Both methods have the advantage that the determination
of particle charge and screening length is independent of the
knowledge of the plasma parameters. This is particularly
valuable for dust particles in the sheath of rf plasmas, where
Langmuir probes are not applicable. Furthermore, both meth-
ods are noninvasive. The normal mode analysis is based on
the observation of the thermal motion of the particles and
therefore is eminently noninvasive. REM requires a me-
chanically driven neutral gas flow. The flow velocities of the
neutral gas do not exceed a few meters per second. This is
sufficiently slow, so that no influence on the plasma is ex-
pected. However, the obtained values are only reliable, if the
basic assumptions of a harmonic confinement and a Yukawa
interaction are fulfilled.

The normal mode analysis requires a confinement, which
can be treated as harmonic, for radial displacements from the
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center of the potential well up to the cluster radius. For
REM, as described in Sec. IV B, the harmonic range must be
considerably larger (twice the cluster radius), since the rota-
tion frequency of the cluster had been increased until the
cluster diameter was doubled. According to Sec. IV C a har-
monic confinement is a good approximation for the pre-
sented experiments.

The potential distribution around a dust grain in the
sheath of a rf discharges is a difficult issue and not fully
understood yet. It is known that a Yukawa potential overes-
timates the ion density close to the grain and therefore the
shielding effect of the ions. Hence, a Yukawa potential can
only be valid for intermediate distances from the particle,
typically between one and a few Debye lengths.2 Here, the
grain charge must be replaced with an effective charge,
which is somewhat larger then the actual grain charge.
Therefore REM and normal mode analysis can only be sen-
sitive to the effective charge. The interparticle distance found
in the experiments is of the order of the Debye length and in
a range, where a Yukawa potential is a reasonable approxi-
mation. This is a characteristic result for experiments with
flat dust clusters in rf discharges, where usually x=d/\p
values between 0.5 and 2 are found.*’*®

The effective charge numbers obtained by both methods
differ by approximately 5%, which is within the given error
margin. The difference in the screening length A\ is of the
order of 30%, which can be explained by the larger uncer-
tainty in Ap. So, the REM is in fair agreement with the nor-
mal mode analysis.

B. Dust charge and screening length

The combination of normal mode analysis or REM with
the vertical oscillation method (Sec. IV D) can be used as a
measure of the local plasma densities n, and n;, which allows
an estimation of the ion and electron Debye lengths \p; and
Ape- The electron Debye length found is considerably larger
then the one obtained by the experiments, even for an elec-
tron duty cycle as high as @=0.3. This indicates that shield-
ing is not due to the electrons, but rather due to the ions. This
is further supported by a simple approximation of the ion
Debye length by assuming monoenergetic ions having Bohm
energy. The local ion Debye length A, is in good agreement
with the observed \p.

Furthermore, a strong nonlinearity between particle ra-
dius and particle charge is found. The negative floating po-
tential of the dust particles, ®;=-Ze/(4mer,), rises from
®=—48 V to ®=-8.6 V as the particle radius r, in-
creases from 6 to 10 wm. This is in contrast to dust grains in
the plasma bulk, where OML theory predicts a floating po-
tential independent of the particle radius. Although a compa-
rable behavior is found in other experiments in 1f
dischalrgesj_12 the reason for this strongly enhanced floating
potential is not fully understood.

However, for low gas pressures, where the ion flow is
not mobility-limited, one possible explanation could be the
acceleration of the ions within the plasma sheath. The larger
the particles, the deeper the particle enter the sheath and the
faster the ions. According to the OML theory, this leads to a
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smaller collection radius for the ions and thus to a smaller
ion current to the dust grain resulting in a more negative
floating potential.

According to Ref. 49, the mean free path of the argon
ions A, is approximately 1 mm for 4 Pa gas pressure. So, it
i8S Npep=>Ap>ry for the presented experiments. In this pa-
rameter regime the OML theory is a reasonable approxima-
tion.

VI. CONCLUSION

REM can be used as a reliable diagnostic for particle
charge and screening length. The achievable accuracy can be
better then 10% for the determination of the (effective)
charge. Furthermore, it is noninvasive and does not require
prior knowledge of the plasma parameters.

In contrast to methods that are based on the observation
of wave phenomena or particle oscillations, the REM is also
applicable at higher gas pressures. Results for higher pres-
sures were shown in Ref. 38. In that regime the normal mode
oscillations are overdamped.

A disadvantage of the REM is the long time for a single
measurement, which requires stability of the experimental
parameters. Furthermore, a smooth rotation of the cluster,
due to rotating neutral gas column, requires a high cylindri-
cal symmetry.

REM can be easily combined with a measurement of the
vertical resonance frequency allowing a good estimation of
the local plasma densities in the plasma sheath. Here, dust
particles can be used as probes were Langmuir probes are not
applicable.

For the discussed parameter regime the measurements
give a strong indication that the horizontal screening is domi-
nated by the ions. The combination of local ion density and
electron bulk temperature give a good quantitative approxi-
mation of the horizontal screening length. This is in agree-
ment with results described in Refs. 21 and 22.
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The influence of a plasma environment on melamine formaldehyde particles is studied.
High-precision measurements of the vertical confinement frequency with a phase-resolved
resonance method indicate that the particle mass is affected in two ways: the deposition of sputtered
material at the particle leads to a mass gain, whereas the outgassing of water causes a mass loss.
© 2011 American Institute of Physics. [doi:10.1063/1.3556677]

I. INTRODUCTION

Dust particles in a laboratory plasma attain a net
negative charge g, and a negative surface potential ¢y ac-
cording to the floating condition, which is defined by the
equality of electron and ion flux to the particle. In the capaci-
tance model, charge and surface potential are related by
qq=4meyrypy for a small spherical particle of radius rd.l
Models for the dust charge were discussed in the orbital mo-
tion limit (OML),> including ion-neutral collisions,*> and in
terms of computer simulations.’

These charged particles can be confined in the plasma
sheath, where the electric field compensates gravity. There,
the dust grains can form flat crystal-like structures. This of-
fers the possibility to study effects such as oscillations,
waves, and instabilities in a two-dimensional geometry (see,
e.g., Ref. 7).

The comparison between simulations, theory, and ex-
periments of these dust systems requires a basic understand-
ing of the electrostatic particle interaction and the confining
forces. Therefore, the experimental determination of the par-
ticle charge g, is of key interest. One established charge
measurement technique is the resonance method,g’lo in
which the particle is treated as a damped harmonic oscillator
driven by a sinusoidal modulation of the electrode voltage.
The eigenfrequency w, of the vertical confinement well is
related to the charge-to-mass ratio of the particle. This
method requires a parabolic confinement. In Refs. 11-13, it
was shown that the sheath potential is very close to parabolic
over a large part of the plasma boundary. Hence, the vertical
oscillation of a particle can be treated as harmonic for small
oscillation amplitudes (typically less then 1/10 of the sheath
width™h).

Melamine formaldehyde (MF) particles are a common
dust simulant used in many dusty plasma experiments be-
cause they are available with a very narrow size distribution
(almost monodisperse), a well-defined mass density and a
spherical shape. Pavla et al." have studied the properties of
such MF particles confined in a Paul trap under ultrahigh
vacuum conditions. High-precision measurements of the par-
ticle charge and mass showed a continuous mass loss of the
MF particles during long-time exposure in vacuum, which is
accelerated when the particle temperature is increased. This
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effect was attributed to the outgassing of water bound in the
bulk material.

So far, the resonance method or other in sifu diagnostics
for the charge-to-mass ratio of dust grains in a plasma have
not achieved a precision comparable to the measurements in
a Paul trap.14 In most dusty plasma experiments, relative
mass changes of a few percent cannot be resolved; the mass
of the particles is usually assumed constant. It is the intention
of this contribution to show that MF particles in a plasma
environment that is typical for dusty plasma experiments are
subject to at least two effects, which can lead to an increase
or decrease of the particle mass. Furthermore, it is demon-
strated that a modified resonance method, accounting for the
phase shift between particle oscillation and excitation, allows
a high-precision measurement of wj,.

Il. PHASE RESOLVED RESONANCE METHOD
A. Method

A dust particle confined in the plasma sheath, which is
set into vertical oscillation of small amplitude by an external
sinusoidal force F.,,=K-sin(wf), can be treated as a damped
harmonic oscillator. The trajectory Y(r) depends on the
eigenfrequency w, and the damping rate y

Y (1) = a(w)sin(wt) + b(w)cos(wt), (1)
with
K(w% - w?)

(05— @)+ (2yw)*

2)

a(w) =

2Kyw
b(w)=- . 3
(@) (a)(z) - ?)? + 2yw)? ®)
The amplitude of the oscillation is given by
s K
A(w)=Va®> +b* = (4)

V(w2 — 0?)? + 2yw)*

In Fig. 1(a), A, a, and b are plotted versus the excitation

frequency w for a quality factor Q=w,/y=2.5. The reso-
_ 2 . . .

nance frequency w,=\wj—297 is given by the maximum of

A(w). The root of a(w) is at w=w.

© 2011 American Institute of Physics
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FIG. 1. (Color online) A, a, and b vs @ for Q="y/wy=2.5 normalized by
wj/ K [Egs. (2)-(4)].

In the standard resonance method, the oscillation ampli-
tude A is measured for different excitation frequencies. Fig-
ure 2 shows four typical resonance curves for gas pressures
between 2 and 50 Pa and the corresponding fit by Eq. (4).
Lower gas pressures (circles and crosses) result in a higher
quality factor Q and a sharper peak around the resonance
frequency than higher pressures (squares and triangles). The
charge of the particle can be calculated from

)

2 _
wy =

S
&=

if the particle mass m and charge density p at the position of
the dust particle is known.® p can be determined by assuming
a parabolic sheath potential and a measurement of the poten-
tial drop about the plasma sheath (e.g., by Langmuir probes),
as it is discussed in Ref. 11. The relative uncertainty of p is
typically of the order of 20%. Because of the large error in p,
an estimate of g, does not need a precise determination of
wy.

The focus of this contribution is on relative changes of
the charge-to-mass ratio of the particles for constant plasma
parameters (p=const.) and not on absolute measurements.
Therefore, an accurate determination of wy is desirable. This
is achieved in two ways. On the one hand, a reduction of the
gas pressure results in a higher quality factor and a sharper
peak around the resonance frequency. For the following mea-
surements, we have Q= 30. On the other hand, it is advan-
tageous to measure a(w) instead of A(w). The reading of the
Zero crossing at @, is more precise than the determination of
the maximum of A(w), which is somewhat smaller then w
due to neutral gas friction. The quantities a(w) and b(w) can
be derived from the phase difference between the excitation
signal and the particle oscillation.

A stroboscopic observation of the particle trajectory,
which is synchronized with the excitation signal, allows to
measure the vertical position Y at a specific time ¢, within an
oscillation period. The phase shift between the stroboscopic
observation and the excitation signal is ¢=wt,. The particle
position as a function of ¢ is given by
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8.5 1 1.5

FIG. 2. Standard resonance curves (A vs w) for different gas pressures
p=2.5, 9, 20, and 50 Pa (circles, crosses, triangles, and squares). The
full lines are fits of Eq. (4). The corresponding quality factors are
0=40, 14, 8, 4.

Y, = a(w)sin(¢) + b(w)cos(¢). (6)

Hence, a phase difference of ¢=90° between excitation sig-
nal and strobe allows a direct measurement of a(w).

B. Setup and measurement

The experiments were performed in a capacitively
coupled parallel-plate radio frequency (rf) discharge
(13.56 MHz) at gas pressures p~ 10 Pa (argon). The pow-
ered lower electrode had a diameter of 6 cm. The electrode
consisted of an indium tin oxide (ITO) coated glass disk with
a diameter of 2 cm that is surrounded by a stainless steel
ring. Between the ITO glass and the steel ring was a 2 mm
recession for the radial confinement of the dust particles. The
electrode was radially terminated by a grounded Faraday
shield, which was separated from the driven electrode by a
gap filled with a polytetrafluorethylene (PTFE) dielectric
(Fig. 3). The upper grounded electrode was placed 15 cm
above the driven electrode. The vacuum pump and the gas
inlet were connected to a common port at the bottom of the
chamber to minimize unwanted gas flows. We used mono-
disperse melamine formaldehyde spheres with a radius of
(6+£0.1) wm that were confined in a layer typically 5-10
mm above the center of the driven electrode. An expanded
laser beam illuminated the particles from below (through the
ITO glass) and the motion of the particles could be observed
with a video camera from the side.

A sketch of the setup for the stroboscopic observation of
the particle oscillation is shown in Fig. 3(a). The rf signal
was modulated by a sinusoidal voltage from the function
generator. The synchronization pulse of the function genera-
tor triggered the start of the camera exposure. The delay ¢,
between the start of the exposure and the synchronization
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FIG. 3. (Color online) (a) Sketch of the experimental setup: The trigger
delay of the camera and the frequency of the function generator (FG) are
controlled by the computer. The exposure time of the camera is triggered by
the FG. The signal of the rf generator (RF) is modulated by a sine wave
from the FG and connected via a matching network (MN) to the driven
electrode. (b) Detailed sketch of the driven electrode. A dust particle is
confined in the plasma boundary. The particle is illuminated by a laser
through the ITO coated glass plate. The particle position is tracked with the
camera.

pulse was adjustable. This allowed to measure the Y, posi-
tions of the particles at a given phase ¢=wt, within an os-
cillation period. A resonance curve was obtained by measur-
ing Y, for different excitation frequencies but constant phase
shift.

Figure 4 shows the resonance curve for one particle at a
gas pressure of 9 Pa and a rf voltage of 200 V,,,. The expo-
sure time of the camera was ~1 ms, which is much less then
the period of the excitation signal. In order to reduce the
error of Y, the particle position was averaged over ten con-
secutive frames for each excitation frequency. Further, the
rest position of the particle defines the zero point of the ver-
tical length scale Y. Measuring two resonance curves using
Y ¢=%(Y¢,—Y ++180°) [according to Eq. (6)] allows an accurate
determination of the zero point. In Fig. 4(a), Yoo and Yoy
are plotted versus the excitation frequency  (Ygpe—Y270°)
and a fit of Eq. (6) are shown in Fig. 4(b). From the fit
parameter w,=(162.92+0.04) s~' and y=(5.07+0.04) s7!
are obtained.

The given errors are estimated from synthetic data as
described in Ref. 15. It is assumed that the particle position
can be measured within 1 pixel accuracy and that the error of
the excitation frequency is negligible. The relative uncer-
tainty of w, is less then 107 and the uncertainty of 7y is of
the order of 1072,
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FIG. 4. (Color online) (a) Yqo:(Y,70:) position vs excitation frequency o
for a 90° (270°) phase-shifted strobe signal [squares (crosses)]. (b)
(Ygpo—Yop70:) Vs excitation frequency o (squares). (The number of data
points shown was reduced for clarity.) The full line is a fit of Eq. (6).

lll. CONTINUOUS MEASUREMENT
OF THE EIGENFREQUENCY

Repetitive measurements of the resonance curves over a
few hours for constant plasma parameters were performed.
We have found that the eigenfrequency w, tends to increase
or decrease depending on the preparation of the particles.
This is shown in detail in the following subsections.

The eigenfrequency depends on the particle charge-to-
mass ratio and the local charge density of the plasma sheath,
which corresponds to the gradient of the sheath electric field.
Parallel to the resonance method, the ion saturation current
of a Langmuir probe was recorded, which remained constant
over the full measurement time. So, the observed trend of the
eigenfrequency cannot be attributed to a change of the
plasma parameters.

A. Increasing eigenfrequency

For a gas pressure of 9 Pa and a rf voltage of 240 V
the resonance frequency increases and reaches a saturation
level after approximately 10 h [Fig. 5(a)]. The small fre-
quency jump at T=8 h is possibly due to an adjustment of
the pressure control unit or a change of the room tempera-
ture. If a constant particle charge is assumed, this frequency
change corresponds to a relative mass loss of ~10%. A com-
parable mass loss was observed by Pavll er al."* after the
particles were baked out. This was attributed to the outgas-
sing of water originally bound in the bulk material.

Assuming that the total mass of the dust particle m, is
given by the mass of the MF particle m,, and of the bound
water m,, and that m,, is reduced exponentially by outgassing
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FIG. 5. (Color online) (a) Eigenfrequency w, vs time T for a gas pressure of
p=9 Paand rf voltage of U,=240 V,, (squares). The full line is a fit of Eq.
(8). (b) wy vs T for p=9 Pa and U=340 V,,, (squares). The full line is a fit
of Eq. (10). (For clarity, only every second data point is shown.)

mw<r>=mw(0)exp( t), (7

r
while m,, and the particle charge remain constant, the eigen-

frequency of the particle evolves as

1 +m,(0)/m,, } 12
1 + (m,,(0)/m,,)exp(~t/7)

wy(t) = wo(O){ (8)
The comparison of the measured eigenfrequency w, with the
model (8) is shown in Fig. 5(a) and shows good agreement.
From the fit parameters, the ratio m,(0)/m,,=0.11 is ob-
tained. The timescale of the outgassing process is of the or-
der of hours (7=2.5 h). The mass fraction of the bound wa-
ter is in good agreement with the results by Pavlu er al 1
Furthermore, we performed a thermogravimetry analysis16
(TGA) of a MF particles sample. A 12% mass reduction was
found at a sample temperature of 100 °C. This supports the
assumption that the mass loss is due the outgassing of water.
Alternative models for the eigenfrequency increase are dis-
cussed in Sec. IV.

B. Decreasing eigenfrequency

When the rf voltage is increased to 340 V,, and the
measurement is started several hours after the dust particle
was dropped into the plasma, a linear decay of the eigenfre-
quency is observed, as shown in Fig. 5(b). In this case, most
of the potentially bound water should have been outgassed,
as expected from the time scale found in Sec. III A.

One explanation for this increase could be the deposition
of material at the particle surface from sputtering of elec-
trode material. If the radius of the dust grain is slightly in-
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creased by the sputtered material and the accumulation rate
is proportional to the particle surface, the dust radius changes
as r(t)=ry(1+az). If the surface potential remains constant,
the grain charge is given by ¢, (t)=q,0)(1+az). If p (p,,) is
the mass density of the sputtered material (MF), the time
dependence of the eigenfrequency is

1+ at 12
L+p/p[(1+at)®=1]] ©)

wo(t) = wO(O){

For |at| <1, a Taylor expansion of Eq. (9) yields
wo(t)=w0(1 +Ct), (10)

with ¢=(1-3p/p,)a/2. Assuming p/p, =1, |at| does not
exceed 0.1 for the presented measurements. Hence, lineariza-
tion is justified.

In order to verify that material was sputtered within the
plasma chamber, a silicon wafer was placed on the electrode.
After 7 h of plasma operation, the surface of the silicon
wafer was analyzed by x-ray photoelectron spectroscopy
(XPS). The wafer was coated with iron and fluorine com-
pounds, which was expected because the electrode is made
of stainless steel and the insulator is PTFE.

The almost linear decay of w, allows an error estimation
for the phase-resolved resonance method based on experi-
mental data. As in the previous measurement, a small fre-
quency jump occurs at =8 h [Fig. 5(b)]. Therefore, only
measurements for 7>8 h are taken into account. The root-
mean-square deviation between a linear regression and the
data points is 0=0.03 s~!, which is equivalent to a relative
error of less then 3 X 107*. This is in good agreement with
the error estimate from Sec. II.

IV. DISCUSSION

The phase-resolved resonance method (Sec. II) is a
modification of the standard resonance method;® it is highly
sensitive to the vertical confinement frequency wy. The sen-
sitivity is achieved in two ways. First, an offset-free deter-
mination of a(w) can be realized by a difference measure-
ment of two resonance curves with a phase shift of 180°.
Second, the stroboscopic observation allows a measurement
of a(w) having a zero crossing at w=w, instead of the am-
plitude A(w) having a maximum at w=w,. Furthermore, the
measurements were performed at low gas pressures resulting
in a high quality factor. Thus, a(w) crosses zero with a steep
slope.

The observed changes of the eigenfrequency can be at-
tributed to a change of the particle properties. Langmuir
probe measurements showed that the plasma parameters re-
mained constant over the observation time (Sec. III). The
deposition process could be separated from the outgassing
process by starting the measurement a few hours after the
particle had been dropped into the plasma. For low rf pow-
ers, the outgassing was the dominant effect.

The mass gain of the MF particles can explain the ob-
served decrease of the eigenfrequency. Under the same
plasma conditions, XPS measurements of the surface of a
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small silicon wafer showed that electrode material is sput-
tered. Likewise, the model of a constant coating rate (Sec.
III B) can explain the almost linear decay.

The outgassing of water is a reasonable explanation for
the observed eigenfrequency increase and its saturation (Sec.
IIT A). The mass loss of about 10% is in good agreement
with the TGA measurement (Sec. IIl A) and the findings of
Pavlii ef al."* for MF particles under ultrahigh vacuum con-
ditions after baking out at 240 °C. However, for nonheated
particles, only a very slow mass loss over a few weeks was
observed."* From experiments by Maurer et al. 7 under com-
parable plasma conditions, we expect a particle temperature
of =40 °C, which is somewhat higher than the electrode
temperature (30 °C). Thus, a temperature increase of
~20 °C above room temperature accelerates the mass reduc-
tion drastically.

Other explanations for the eigenfrequency increase could
be a mass reduction due to sputtering of the MF particles or
a modification of the surface properties, which affects the
particle charging. These two possibilities are discussed in the
following.

A mass loss due to sputtering of bulk material
(melamine) by the impinging argon ions would cause an
eigenfrequency increase. This cannot be the dominant effect
in the presented measurement because of the high mass loss
rate. According to Eq. (7), the mass loss rate at the start of
the measurement (7=0) is dm/dt=—1.6X10""7 kg/s. The
number of impinging argon ions per time can be approxi-
mated by the OML theory for streaming ions JN,,/dt
= m’flniv ;- The ion velocity v;=\k;,T,/m; is of the order of the
Bohm speed. Further, Langmuir probe measurements yield a
plasma density of 7;~10'> m™ and an electron temperature
of T,=3 eV. The sputtering yield Y,=N,,/N,, is defined as
the number of atoms sputtered per impinging argon ion. If
the mass loss would be due to sputtering, it requires a sput-
tering yield of

Jm/dt
Yy=————— =4 (11)
iy O N g/ It

m,,~7 amu is the average atom mass of the melamine.
(The chemical composition of the melamine [C4HoNg], is
neglected.) The energy of the argon ions is of the order of
10 eV. For these low energies, the sputtering yields are gen-
erally very small (Y,<<1). This is supported by findings by
Stoffels et al.'® They continuously measured the radius of a
MF particle in an oxygen-argon plasma. For a pure argon
plasma, where no chemical sputtering can occur, no signifi-
cant change of the particle radius was detected after several
hours of plasma operation.

Another explanation for the eigenfrequency increase
could be an increased particle charge due to a modification of
the surface properties. A desorption of a monolayer of water
or an adsorption of material sputtered from the electrode can
modify the physical properties of the particle surface, while
the particle mass remains nearly constant. In dusty plasma, it
is usually assumed that the particle charge does not depend
on the particle material. Nevertheless, for high floating po-
tentials (¢y~—1 keV), Pavli et al."® found that the particle

Phys. Plasmas 18, 033701 (2011)

charge is limited by field emission of electrons, which
strongly depends on the surface properties (material). Fur-
thermore, Bronold er al.”® proposed a charging model that
uses a quantum mechanical ansatz to describe the physisorp-
tion process of electrons at the particle surface. Here, the
particle charge depends on the surface states of the material.
The floating potential of the particles in the presented mea-
surements is of the order of 10 V. Thus, field emission of
electrons does not contribute to the particle charging. How-
ever, we cannot exclude that the observed eigenfrequency
increase is in part a result of an increased particle charge
due to a modification of the particle surface by the plasma
environment.

V. CONCLUSION

It has been shown that the mass of MF particles, often
used in dusty plasma experiments, is influenced by the
plasma environment. Mass changes of the order of 10% have
been found. This could be important for experiments, where
the particle mass is a critical parameter.

The phase-resolved resonance method described in Sec.
IT allows to measure the vertical confinement frequency with
high accuracy. We like to point out that the relative uncer-
tainty of w, for the presented measurements is less than 1072,
So, small changes of the charge-to-mass ratio can be re-
solved. This could be useful for experiments, where relative
measurements of the charge-to-mass ratio are of interest,
rather than absolute measurements.
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The phenomenon of particle chain formation is studied in a two-particle system. A wake of
positive ions leads to an alignment of the negatively charged particles parallel to the ion flow. The
dynamic response of this dust system to a small external perturbation is evaluated. It is shown that
the eigenfrequency of the downstream particle is reduced compared to an isolated particle. This
effect can be identified as a decharging of the particle by the focused ion flow in the wake of the
upstream particle. Furthermore, a strong asymmetry of the particle interaction parallel to the ion
flow is found. This asymmetry may not be attributed entirely to the interaction forces mediated by
the ion wake. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3689854]

. INTRODUCTION

Complex (or dusty) plasmas containing micrometer size
solid particles allow studying the multi-faceted physics of
strongly coupled many-particle systems at the level of single
particle motion.! A fascinating phenomenon in the sheath
region of complex plasmas is the spontaneous formation of
chains of like-charged particles.>™ An attractive force
between the negatively charged dust particles can arise from
the polarization of the flow of ions in the sheath, which
forms a positively charged wake behind the particles.?
Nambu ef al.” pointed out the similarity of the mechanism to
the formation of Cooper pairs in superconductors. Besides
wake charging,>>~” ion drag forces were discussed for parti-
cle alignment.'*!"!

Another interesting aspect of ion wakes is an asymmet-
ric (non-reciprocal) particle interaction. Typically, the
upstream particle exerts a larger force on the downstream
particle as compared to the other direction. This asymmetry
is a source for different types of instabilities. For example,
the melting of 2D crystals” or oscillatory instabilities in dust
clusters.'?

Particle pairs are often used as generic model system to
study in detail the interparticle forces mediated by the ion
wake.*'>71° In laboratory experiments, the dust particles are
usually confined in the sheath of a plasma, where the electric
field compensates the force of gravity.*'*"'¢ Here, the align-
ment of the particles is determined by two competing mecha-
nisms. On the one hand, the forces due to the ion wake lead
to a vertical particle alignment (parallel to the ion flow) and,
on the other hand, the vertical confinement favors a horizon-
tal alignment of the particles (perpendicular to the ion flow).
The transition from the vertical to the horizontal alignment
can be induced by changes of the plasma parameters, e.g., by
varying the gas pressure,” the discharge voltage,'? the self
bias,17 or by an external driver,16 and a distinct hysteresis
effect was observed.

1070-664X/2012/19(3)/033702/5/$30.00

19, 033702-1

For a comparison of theory and experiment, the charge
Q of the particles is of key interest. In the plasma sheath, Q
cannot be treated as constant, since it depends on the levita-
tion height of the particles.'"®° For vertically aligned par-
ticles, simulations further predict a decharging of the
downstream particle by the ion wake.?'™?* The latter effect
was observed experimentally by Prior er al.** evaluating
laser excited resonances and assuming a symmetric Yukawa
interaction.

In this paper, the dynamic response of a vertically
aligned particle pair to an external sinusoidal perturbation is
studied experimentally. We applied a phase-resolved reso-
nance method” to measure the dynamic properties of the
particles with high precision. Different from earlier investi-
gations,”**® we are interested in a simultaneous determina-
tion of the non-reciprocity of forces and the charge reduction
effect of the lower particle. For this purpose, we analyzed
the coupled resonances of the two-particle system and com-
pared the resonance frequencies with the single-particle
resonance of the particle that acted as lower particle in the
two-particle system.

Il. EXPERIMENTAL PROCEDURE

The experiments were performed in an asymmetric
capacitively coupled radio frequency (rf) discharge
(13.56 MHz). A system of two vertically aligned melamine
particles with a diameter of ~12 wum is prepared in the
plasma sheath above the driven electrode. A brief description
of the applied phase-resolved resonance method is given in
the following. A sketch of the setup is shown in Fig. 1.

A function generator provides a sinusoidal low fre-
quency excitation voltage with amplitude U,y and a radial
frequency w. This signal is coupled to the driven electrode
by a low-pass filter. The transfer function of the coupling
network can be approximated by

© 2012 American Institute of Physics
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FIG. 1. Sketch of the experimental setup (not true to scale): two vertical
aligned particles are confined in the plasma sheath above the driven elec-
trode. A vertical oscillation is triggered by a sinusoidal modulation of the
self bias. The position of the particles is recorded by a video camera which
is synchronized with the excitation signal.
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Up is the amplitude of the self bias modulation and w, the
cut-off frequency of the low pass. This bias modulation
exerts a force on the particles and sets them into oscillations.
The vertical position z; of the particles is observed by a video
camera. The camera is operated in triggered shutter mode
and is synchronized with the excitation signal. An additional
trigger delay ¢, allows to measure the position z; , of the par-
ticles at a given phase ¢ with respect to the excitation signal.
Because the trajectory of the particles is sinusoidal, the
excursion of the particles from their equilibrium position ¢; ,
at a certain phase ¢ can be measured offset-free by using
2¢; , = (219 — Zj,p+180°). Resonance curves are obtained by
measuring ¢; , versus @ for a constant phase shift ¢ and a
constant excitation amplitude Ugy. The experiments were
performed at low gas pressures p = 3.4 Pa (argon) and an rf
voltage of 120 V,,,. At these parameters, the vertical particle
configuration is stable and the resonance curves become
sharp due to low friction forces. We further used particle
pairs with slightly different masses. This ensures that the dif-
ference of the resonance frequencies of the particles can be
resolved.

lll. NON-RECIPROCAL COUPLED OSCILLATORS

We will treat the two vertically aligned particles as
coupled harmonic oscillators, which are driven by an external
force m;K;H(w)exp(iwt). In the following, j=1 will refer to
the upstream particle and j=2 to the downstream particle,
respectively. K; is the amplitude of the excitation force nor-
malized to the particle mass m;. A parabolic confinement due
to the (time averaged) sheath electric field is assumed. The
restoring force then is fmja).%éj with w; being the eigenfre-
quency. The gas background induces a damping force
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—2myy;¢;, with the friction coefficient ;. For small oscillation
amplitudes compared to the equilibrium interparticle distance
dy, we linearize the interaction force Fj(d) = Fy(dy) +
miDj(d — dy) = F(do) + miDy(&; — &) between the two
particles and allow the force to be non-reciprocal
Djx # ij).2 d is the interparticle distance. The equation of
motion then reads

5”1 +2V151 + w7é + Dia(é — &) = H(w)Kexp(ion),
& + 29,8, + w3é + Doy (& — &) = H(w)Kaexp(iot).

The constants F(dy) and the force of gravity do not appear in
the equation of motion, because these constant forces only
affect the position of the particles z; and not the excursion from
the equilibrium position ¢;, since the confinement is parabolic.
We are looking for oscillatory solutions of the form
&;(t) = Ajexp(iot). The complex amplitudes A; are
K\(I'y +Dyy) + K2Dys
[, 4+ oDy + Dy’

Ay = H(w) @)

K>(T'y 4+ D12) + K1Doy
[Ty + 12D+ Dy’

Ay = H(w) 3)

with I'; = wjz — @ + i2y;0. The real part R(A;) can be iden-
tified with the position of the particles at a phase ¢ = 0° and
the imaginary part J(4;) is equivalent to the position at
¢ = 90°. In Figs. 2(a) and 2(b), the resonance curves of the
upstream particle and the downstream particle are shown for
a phase shift of ¢ = 0° (crosses) and ¢ = 90° (circles). The
excitation voltage Uy = 0.4 V was chosen such that the os-
cillation amplitude of the particles is much less than the
interparticle distance. The full lines are fits of R(4;), I(4;).
The resulting fit parameters are compiled in Table 1. By
using synthetic data, we have estimated the errors of the fit
parameters (as described in Ref. 27). When the error in o is
neglected and the error of the particle position is within one
camera pixel, the relative (1 o) error for all fit parameters is
less than 1%. The excellent agreement between the model
and the measurements shows that for this parameter regime
the assumptions of a harmonic confinement and a linearized
interparticle force are well satisfied.

An important property of ion wakes is an asymmetric
(non-reciprocal) particle interaction parallel to the ion
flow.>*?® For the present experiment, the asymmetry of the
particle interaction is reflected by the different coupling pa-
rameters D>, D>;. We can quantify the degree of asymmetry
in this situation Dy; /D1, ~5.5.

IV. CHARGE REDUCTION OF THE DOWNSTREAM
PARTICLE

The confinement frequencies ; of the particles depend
on the charge-to-mass ratio of the particles and the charge
density of the undisturbed plasma sheath p,*

€o M;

“
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FIG. 2. (Color online) (a) Vertical excursion from the equilibrium position
¢ of the upstream particle for a phase shift of ¢ = 0° (crosses) and ¢ = 90°
(circles) vs. the excitation frequency . The full lines are
R(A1(w)), S(A(w)) for the parameters compiled in Table L. (b) Resonance
curves of the downstream particle. (c) Resonance curves of the undisturbed,
formerly downstream, particle.

Thus, for a parabolic sheath potential (p = const.), w; can be
taken as a measure of the charge-to-mass ratio of the par-
ticles. The confinement frequency of the downstream particle
is significantly smaller than that of the upstream particle
(Table I). This can be due to either a reduced charge of the
downstream particle or a higher particle mass. To distinguish
between these two quantities, the upstream particle was
removed from the discharge. Then we have measured again
the resonance curve of the remaining (formerly downstream)
particle under identical conditions [Fig. 2(c)]. It is found that
the eigenfrequency of the downstream particle in the particle
pair is significantly smaller than that of the same particle in

TABLE I. Fit parameters.

Two-particle system

[} 71 K, Dy Uext
63.1rad/s 2.2557! 0.133 ms™2 156572 04V
W V2 K> Doy W,
46.3 rad/s 234571 0.045 ms—2 868572 125 rad/s
Single-particle system
(25 73 K3 Uext
52.3rad/s 2.37s7! 0.371 ms™2 20V

Phys. Plasmas 19, 033702 (2012)

the absence of the upper particle (w, < 3). This effect can
be attributed to a reduced particle charge

2
9 _ (ﬁ> —0.78. ©)

05 )

We repeated the experiment for another particle pair, but this
time the downstream particle was removed. In this case, the
eigenfrequency of the upstream particle is not affected.
Thus, the charge of the downstream particle is modified by
the presence of the upstream particle but not vice versa.

The partial decharging of the downstream particle can be
reproduced by particle-in-cell simulations. The simulation
code described in Ref. 30 was adopted to the plasma parame-
ters of the present experiment, electron temperature T, =3 eV,
ion temperature T.=0.03eV, Debye length Ap ~0.7 mm,
and a Mach number M = 1. For the self-consistent equilibrium
position, the charge reduction was found to be ~50%.
The trend and the order of magnitude are comparable to the
experimental finding. Deviations between the experimental
and simulated value are reasonable, because the simulation
does not account for the DC electric field in the sheath and the
simulated particles were larger (100 um) than the particles
used in the present experiment (12 ym).

V. POSITION DEPENDENT PARTICLE CHARGE

When the upstream particle is removed, the particle
charge of the downstream particle increases. Furthermore, an
increase of the levitation height by 0.4 mm is observed.
Thus, the charge difference found in Sec. IV can either be an
effect of the ion wake or due to different positions within the
plasma sheath.'®?3! A position-depending particle charge
or a non-harmonic electric field can be a source of non-line-
arity.'® In order to give an estimate of the charge variation
within the plasma sheath, we evaluate the harmonicity of the
particle oscillation.

For an excitation frequency of 8 Hz, the motion of the par-
ticle was tracked with 200 fps over 5 s. The amplitude was cho-
sen such that the particle passes its former equilibrium position
in the two particle configuration (dashed line). The amplitude
of the oscillation is larger than in the two particle configuration
to ensure that non-linear effects appear. A part of the trajectory
is shown in Fig. 3(a). The spectrum of this time series is shown
in Fig. 3(b). The trajectory is to a good approximation sinusoi-
dal, the total harmonic distortion (THD) is —43 dB.

In order to find an upper limit for the charge variation in
the sheath, it is assumed that the THD is entirely due to a
position dependence of the particle charge and that the
charge variation is given by a constant charge gradient. It is
further assumed that the strength of the confinement and the
excitation force are proportional to the particle charge. Then
the modified equation of motion reads

f"z + 23’252 + w3(1+¢'&)é = H(w)(1 + ¢ &)Kaexp(iot),

q' is the charge gradient normalized to the equilibrium

charge. We solved this modified equation of motion numeri-
cally for differnet values of ¢’, while the other parameters
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FIG. 3. (a) Trajectory of the undisturbed particle. Vertical excursion from
the equilibrium position &; versus time ¢. The full line is a fit of a sine wave.
The dashed line marks the equilibrium position of the particle in the two par-
ticle configuration. (b) Power spectrum of the trajectory.

remained the same, as they were measured for the single par-
ticle case. For ¢ = 90 m~!, the total harmonic distortion of
the trajectory matches the value of the experiment. This cor-
responds to a charge difference between the equilibrium
positions of the downstream particle and the single particle
of 3.4%. So, the charge reduction of 20% found in Sec. IV is
mainly an effect of the ion wake and not due to a change of
the equilibrium position.

VL. DISCUSSION AND CONCLUSION

The externally excited oscillation of a vertically aligned
particle pair is in excellent agreement with the model
Eq. (2). The deviations between model and fit are within the
error of the particle positions. This shows that to a good
approximation the particle ensemble can be described by
asymmetric coupled harmonic oscillators. The dynamical
properties (w;,7;,D;;) were determined with high precision
by the means of the phase-resolved resonance method.” In
this way, two major effects of ion wakes can be quantified:
the partial decharging of a particle within a wake and the
non-reciprocal interparticle coupling.

The partial decharging of the downstream particle by
~20% compared to the single particle configuration can be
qualitatively reproduced by simulations, though the magni-
tude of the decharging is overestimated (see Sec. IV). Prior
et al. measured this effect experimentally using laser
excited resonances.>* There, a charge ratio between down-
stream and upstream particles of Q,/0Q; ~ 0.7 was found.
This value is in fair agreement with the presented measure-
ment, deviations may result from different plasma parame-
ters and different experimental approaches. In contrast to
Ref. 24, we restricted the particle oscillations to small
amplitudes. This allows to linearize the effective interpar-
ticle forces and accounts for the non-reciprocity by two

Phys. Plasmas 19, 033702 (2012)

coupling constants. We further compared the eigenfre-
quency of the downstream particle inside and outside of the
wake of the upstream particle to ensure identical particle
masses instead of comparing upstream and downstream
particle.

The non-reciprocity of the particle interaction is often
discussed for the horizontal component of the interparticle
force, which is responsible for the alignment of the particles.
Takahashi er al.®> and Melzer et al.* demonstrated this by
pushing the upstream particle sidewards by a laser beam. In
that case, the downstream particle followed the motion of
the upstream particle. On the other hand, when the down-
stream particle is pushed to the side, the upstream particle
remains at its position. Thus, for horizontal disturbances,
there is no (or only a weak) horizontal force from the down-
stream particle on the upstream particle. In the present
experiment, we examined the forces in the vertical direction.
For this component of the force, as expected from the direc-
tion of the ion flow, the same trend is observed, i.e., small
(vertical) disturbances of the downstream particle have a
weak impact on the upstream particle, Dy; /D1, = 5.5. How-
ever, this result is in contrast to the findings by Kong er al.*®
There, comparable to our approach, the particle pairs were
treated as asymmetric coupled harmonic oscillators. The
coupling constants were derived from the pulse response of
the particle ensemble. The ratio of the measured coupling
constants was Dy /D1, < 0.66. A reason for the discrepancy
to our results may be the occurrence of transients. In Ref. 26,
the damped oscillations after an excitation pulse were eval-
uated. In the present experiments, the measurements were
started when the particle oscillation had reached a stationary
state, i.e., all transients were damped out.

The strong asymmetry of the coupling constants
D, /D1, =5.5 is not reproduced by the simulations
described in Sec. IV. For the self consistent equilibrium, dis-
tance of the particles Dy; /D1, = 1.5 is found. The coupling
constants were derived from the interparticle forces, which
strongly depend on the interparticle distance. This discrep-
ancy can be resolved if the particle charge is treated as a
variable. The simulation predicts a strong dependence of the
charge of the downstream particle on the interparticle dis-
tance. This gives rise to an additional effective interparticle
force due to the confinement within the plasma sheath. For
example, when the two particles approach each other, the
charge of the downstream particle is reduced. Then the force
of gravity is not fully compensated by the sheath electric
field and the downstream particle feels a net force which is
directed downwards. This additional effective force enhan-
ces the asymmetry of the particle interaction, because it only
affects the downstream particle (according to the simulation,
the charge of the upstream particle is to a good approxima-
tion independent of the particle distance). This mechanism
may be an explanation for the observed strong asymmetry of
the coupling constants.

To conclude, the decharging of a particle within an ion
wake of another and the non-reciprocal coupling between
two particle parallel to an ion flow were measured experi-
mentally with high precision in the limit of small amplitude
oscillations. A partial decharging of the downstream particle
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by ~20% compared to an undisturbed particle was found.
Furthermore, a strong asymmetry of the coupling constants
D, /D1y = 5.5, which cannot be explained by a pure ion
wake potential, may be interpreted as an effective force from
the confinement due to a variable charge.
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The interaction forces between dust grains in a flowing plasma are strongly modified by the formation
of ion wakes. Here, we study the interparticle forces mediated by ion wakes in the presence of a strong

magnetic field parallel to the ion flow. For increasing magnetic flux densities a continuous decay of the

interaction force is observed. This transition occurs at parameters, where the ion cyclotron frequency starts
to exceed the ion plasma frequency, which is in agreement with theoretical predictions. The modification
of the interparticle forces is important for the understanding of the structure and dynamics of magnetized

dusty plasmas.

DOI: 10.1103/PhysRevLett.109.135001

Wake fields occur in numerous plasma environments,
when macroscopic objects interact with flowing plasmas.
In space, the solar wind creates extended wake structures
behind moons [1,2] and planets affecting the charging of
asteroids and satellites passing through it [3]. Further,
wake charging can be a real concern for space-craft dock-
ing operations, since large potential differences may lead
to arc discharges [4]. In the context of dusty plasmas [5],
where particles are typically small (and light), forces me-
diated by the positively charged ion wakes become impor-
tant and are of fundamental interest for the understanding
of the structure and dynamics of strongly coupled particle
ensembles. Attractive forces between like-charged parti-
cles can trigger the spontaneous formation of particle
chains [6-8]. The upstream propagation of any disturbance
is inhibited by the supersonic ion flow, which results in a
strongly asymmetric (nonreciprocal) particle interaction
parallel to the flow. This provides an effective mechanism
to transfer energy from the flowing ions to the particles [9]
resulting in different types of instabilities [6,10,11].

In dusty plasmas, these ion-wake-related phenomena
have been studied extensively for unmagnetized plasma
flows. For magnetized plasma flows, as they appear, e.g., in
fusion devices or space plasmas, there is a lack of experi-
mental observations and only a few theoretical predictions
[12,13] and computer simulations [14,15] exist. In this
parameter regime, the trajectories of ions scattered in the
Coulomb field of highly charged dust particles can be
strongly modified by a magnetic field parallel to the ion
flow (see Fig. 1). Even in this simplified model (neglecting
collisions and collective phenomena), it becomes apparent
that a magnetic field severely modifies the ion distribution
downstream to the dust particle. Without a magnetic field
[Fig. 1(a)], the focusing effect and therefore an enhanced
ion density on the axis is clearly visible. In the magnetized
case [Fig. 1(b)], the scattering process transfers energy
from the parallel to the perpendicular motion, which trig-
gers a helical ion motion and creates an extended ion-
depleted shadow.

0031-9007/12/109(13)/135001(4)

135001-1

PACS numbers: 52.30.—q, 52.25.Xz, 52.27.Lw, 52.40.Kh

In the limit of linear response theory, Nambu et al. [12]
have predicted a damping of the wake oscillations by the
presence of the magnetic field. Particle-in-cell simulations
by Patacchini et al. [14] showed an additional ion cyclotron
wake further away from the dust particle (probe) at pa-
rameters, where the cyclotron damping is not too strong.
Thus, for particle ensembles, where the interaction forces
are mediated by ion wakes, we expect a strong influence of
the magnetic field on the particle interaction. It is the
intention of this Letter to analyze this situation experimen-
tally. The focus hereby lies on a quantitative determination
of the nonreciprocal interaction forces and the charging of
the particles.

In a magnetized plasma the ions are subject to the
Lorentz force. Based on Refs. [12,13], we use the dimen-
sionless parameter 8, = w,;/w pi to describe the magneti-
zation of the ions. w,; is the ion cyclotron frequency and
w ,; the ion plasma frequency. For our particular situation
of dust grains in the plasma sheath, this definition can be
interpreted in the following way: For ions flowing at Bohm

speed vg = /kzT,/m; the screening length provided by

(a)B=0.0T (b)B=2.0T
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FIG. 1 (color online). Trajectories of Argon ions scattered in
the pure Coulomb field of a single charged dust grain with Q, =
—20000e (a) without magnetic field (B =0 T) and (b) with
magnetic field (B = 2 T) in cylindric coordinates. The magnetic
field is aligned parallel to the ion flow in the z direction. p is the
distance from the z axis. Cold Argon ions with an initial velocity
equal to the Bohm speed are assumed.
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the ions can be approximated by Ap = v egksT,/(n;e?)
[16,17], T, is the electron temperature and m; the ion
mass. The deflection of the ions passing by a charged
dust particle happens mainly within the Debye sphere of
the particle. The Lorentz force must be taken into account,
when the transit time of the ions 7, = Ap/vy is compa-
rable to the time scale of the cyclotron motion 7,; = 1/w_;,
e.g., B; = 7,/7, = w./w,;.. However, ion-neutral colli-
sions can suppress the magnetization of the ions, when the
ion-neutral collision frequency v;, exceeds w,;. For the
present measurements the Hall parameter H; = w_;/v;, is
comparable to the magnetization ;. Although collisions
affect the wake fields, B; = 1 is a reasonable criterion to
separate unmagnetized and magnetized wakes, because
H; = 1 holds in this parameter regime.

The sheath of a plasma is ideally suited to study wake
effects. The sheath electric field sustains a strong ion flow
and, in addition, it can be used to levitate the negatively
charged particles against the force of gravity. A sketch of
the experimental situation is shown in Fig. 2. Two mela-
mine particles with 11.66 pm in diameter are confined in
the sheath of a capacitively coupled radio frequency (rf)
discharge. A small recession of 2 mm in depth ensures the
horizontal confinement of the particles. At sufficient low
gas pressures, p = 8 Pa (Argon), and moderate rf voltages
(U = 100V,,,) the particles align vertically due to the
formation of ion wakes [8,18]. Under these conditions the
ion flow velocity is of the order of the Bohm speed with a
Mach number M = 1, the ion density is n; = 10'* m~3,
and the electron temperature is typically 7, = 3 eV [19].
The whole plasma chamber is mounted in a superconduct-
ing solenoid, which provides a homogeneous magnetic
field of up to 4 T at its center. The direction of the magnetic
field is parallel to the ion flow.
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FIG. 2. Sketch of the experimental setup (not true to scale):
Two particles are confined in the plasma sheath above the driven
electrode. A magnetic field parallel to the ion flowupto B =4 T
can be applied. The vertical resonances of the particle ensemble
are measured by the phase resolved resonance method [21].

To probe the ion-wake-mediated interaction forces be-
tween the particles, we evaluated the vertical resonances of
the particle pair [20]. For this purpose, the particles are set
into vertical oscillation by a sinusoidal modulation of the
electrode bias. For small oscillation amplitudes the parti-
cles can be treated as asymmetrically coupled driven har-
monic oscillators [21]. The corresponding equation of
motion reads

E1+2y1é + 02 + Dp(€) — &) = K explint), (1)

Er+ 27 + 036, + Dy (6, — €) = Kyexpliot). (2)

£; is the excursion from the equilibrium positions of the
upstream (j = 1) and downstream (j = 2) particle, y; is
the friction coefficient accounting for friction induced by
the ambient neutral gas, ) is the confinement frequency of
the particles, and K; the amplitude of the excitation force
normalized by the particle mass m;. The D;; can be con-
sidered as effective spring constants describing the strength
of the interaction force. Here, we allow D, # D, to
account for the nonreciprocity of the particle interaction
[6]. In order to determine the dynamical properties (w;,
D;j, ;) of this system, the phase resolved resonance
method [20] is applied. Resonance curves are obtained
by varying the excitation frequency « and measuring
the particle positions &; at a certain phase ¢ with respect
to the excitation. For comparison, the resonance curves for
B = 0.2 Tand B = 1.2 T magnetic induction are shown in
Fig. 3. The fits of model Eq. (1) (full lines) are in good

0.25
0 (a) Upstream O B=02T
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FIG. 3 (color online). Resonance curves of the (a) upstream
and (b) downstream particle for magnetic inductions of B =
0.2 T (squares) and B = 1.2 T (circles). ¢; is the excursion from
the equilibrium position at a phase of ¢ = 0° with respect to
the excitation signal. The full and dashed lines are fits of the
model Eq. (1).
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agreement with the measurement allowing an accurate
determination of w;, D;;, y;.

We analyzed the resonances of the particles for a range
of magnetic inductions from B = 0.2 Tto B =2.5T. At
B = 0.2 T the electrons are strongly magnetized, e.g., the
Hall parameter of the electrons is H, >> 1 and a further
increase of the magnetic induction does not alter the elec-
tron dynamics. For B > 2.5 T the particle ensemble be-
comes unstable due to the filamentation of the plasma [22].
In this parameter regime, we find only a weak dependence
of the plasma parameters and the particle charges on the
magnetic induction. This is shown in Figs. 4 and 5(a).
Figure 4 shows the plasma glow intensity /, above the
lower electrode (z = 0) versus the magnetic induction B.
The plasma glow is an indicator for the electron density
and the electron temperature. Thus, for magnetic induc-
tions of 0.2 T < B <2.0 T the plasma glow (parameters)
can be considered constant. In Fig. 5(a) the confinement
frequencies of the upstream and downstream particle are
plotted versus B. Since w; depends on the charge-to-mass
ratio of the particles (w% o Q j/ m;), Fig. 5(a) shows that
the particle charges remain approximately constant over
the entire range of magnetic induction. Further, we have
verified that the levitation heights of the particles are nearly
unaffected in this range of magnetic inductions, which
supports the finding that the particle charges remain con-
stant. The measurements were started at B = 1.8 T, then B
was decreased to B = 0.2 T and increased again to B =
2.5 T (dashed line in Fig. 5). There is a small drift in w,
indicating a change of the plasma parameters or particle
properties [21,23] over the measurement time of a few
hours, which will be neglected in the following.
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FIG. 4. Plasma glow intensity /, versus magnetic induction B
and vertical position z. I, is averaged in the horizontal direction.
The driven electrode is at z = 0. The dashed lines correspond

to B=0.2T and B = 1.2 T, as chosen for the sample curves
in Fig. 3.

In contrast to the plasma glow and the particle charges,
the interparticle forces are strongly affected by the mag-
netic field [see Fig. 5(b)]. For B = 0.2 T, the ions are
partially magnetized (3; < 1) and the coupling constants
are comparable to those found in an unmagnetized plasma
[20] under similar conditions. However, for B = 1.5 T the
ions are magnetized (8; > 1) and D, and D, are reduced
by a factor of three. For small and large values of B, the
degree of asymmetry D,;/D;, is between 5 and 6 with a
minimum at B = 1 T in the transition region. This gradual
change of the particle interaction occurs at magnetic in-
ductions of the order of 1 T. As stated above, this is the
parameter regime where the ion cyclotron frequency w,;
becomes comparable to the ion plasma frequency w ,;, €.g.,
the magnetization is B; = 1. Because the particle charges
Q; and the plasma parameters are to a good approximation
independent of the magnetic induction B, this reduction of
the coupling forces can be attributed to a modification of
the ion wake structure around the particles.

For the presented parameter regime the particle charges
show only a weak dependence on the magnetic induction.
The charging of the upstream particle is only weakly
influenced by the downstream particle, e.g., the charging
is comparable to that of an isolated dust grain. This is in
agreement with particle-in-cell simulations by Patacchini
et al. [24] addressing the problem of a (single) spherical
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FIG. 5 (color online). (a) Eigenfrequency w; of the upstream
(circles) and downstream (squares) particle versus magnetic
induction B. The dashed line indicates the measurement se-
quence. (b) The coupling constants of the upstream particle
D1, (circles) and of the downstream particle D, (squares) versus
magnetic induction B.
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probe or dust particle in a collisionless streaming magneto
plasma. There the particle charge does not depend on the
magnetic induction for particles which are small compared
to the Debye length and the averaged Larmor radius of the
ions, which is the case for the present experiments. For the
downstream particle the situation is more complex. As we
had shown for unmagnetized plasmas in Ref. [20], the
charging of particles in the wake of another can be quite
different compared to isolated particles, which is in agree-
ment with simulations [25]. Here, the charging of the
downstream particle is not significantly altered when the
ion wake becomes magnetized. To our knowledge there are
no theories or simulations available addressing the ques-
tion of particle charging in a magnetized ion wake. This
issue should be addressed in the future and is beyond the
scope of this Letter.

The interparticle forces D;; decrease for increasing
magnetic inductions B. This result is in agreement with
linear response theory [13], which predicts a damping of
the wake oscillations by the magnetic field. Further this
damping occurs at parameters where the ion cyclotron
frequency w,; starts to exceed the ion plasma frequency
w p,;, Which is also in agreement with Ref. [13]. We like to
mention that it is difficult to determine the local plasma
density n;. Since w,; < ,/n;, the systematic error of the
magnetization scale B; in Fig. 5(b) can be of the order of
30%, but this does not change the conclusions.

For small magnetic inductions (B < 0.2 T), the magne-
tization of the electrons changes the discharge properties,
which is accompanied by a change in the plasma glow and
a lowering of the confinement frequencies w; and a change
of the levitation heights of the dust particles. For this
reason we restricted the measurements to the high B re-
gime (B > 0.2 T), where the plasma glow, the particle
charges, and the levitation heights of the particles show
only a weak dependence on the magnetic field. Thus, the
sudden drop of the D;; at B = 0.8 T must be a result of the
magnetization of the ion wake and cannot be attributed to
modified plasma parameters.

To conclude, at parameters typical for dusty plasmas we
demonstrated for the first time that strong magnetic fields
of the order of 1-2 Tesla substantially alter the interparticle
forces parallel to the ion flow. This effect occurs at pa-
rameters, where the magnetization of the ions 3; is of the
order of unity. Here, a reduction of the interparticle forces
is observed. Since the nonreciprocal interaction forces are
important for the structure and stability of particle ensem-
bles, this result implies that the dynamics of strongly
coupled particles in magnetized plasma flows is substan-
tially different from unmagnetized plasmas. A detailed
understanding into this mechanism can be expected from
self-consistent simulations. Further, the experiments indi-
cate that the magnetization of the ions does not alter the
charge of the upstream and downstream particle. In the
future, it might be promising to check whether this result
persists for larger particles with diameters larger than the

Debye length, as is the situation for small objects (satel-
lites, asteroids) in the solar wind.
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Probing the Plasma Sheath by the Continuous
Mass Loss of Microparticles

Jan Carstensen, Fabian Haase, Hendrik Jung, Benjamin Tadsen, Sebastian Groth,
Franko Greiner, and Alexander Piel

Abstract—A novel approach of using microparticles as probes
for the sheath structure of radio-frequency discharges is pre-
sented. Starting with a heavy (large) particle confined deep in
the plasma sheath, the ambient plasma causes a continuous mass
loss, which increases the levitation height of the particle. It is
shown that this process can be precisely monitored with the phase-
resolved resonance method, which allows probing the force bal-
ance of the particle with high spatial resolution. The resulting force
profile is in reasonable agreement with recent sheath models.

Index Terms—Complex plasma, diagnostic, dusty plasma,
Epstein friction, plasma sheath.

I. INTRODUCTION

HE DIAGNOSTIC of the plasma sheath is an experi-

mental challenge and of key interest for many plasma
applications. In addition to spectroscopic techniques [1], [2],
standard plasma diagnostics as electrostatic probes [3] can be
a major disturbance to the plasma sheath or be limited to the
quasi-neutral conditions of the plasma bulk. One solution for
this is to use microparticles as probes [4]-[13], which are only
a minor disturbance to the plasma.

Zafiu et al. [5] and Samarian and James [7] used micropar-
ticles of different sizes to determine the sheath electric field
with spatial resolution. Basner et al. [9] adapted this method to
particles confined in the sheath of floating and biased surfaces.
To increase the spatial resolution of this technique, which is so
far limited by the number of available particle sizes, Land et al.
[11] heated the electrode, introducing a thermophoretic force
[14], to control the levitation height of a flat dust cluster.
An alternative approach was presented by Beckers er al. [12].
There, the entire plasma chamber was mounted on a centrifuge,
which allows pushing a single particle continuously through
the plasma sheath by effectively increasing the acceleration of
gravity. Furthermore, photophoretic forces [15], [16] can be
used to manipulate particles without disturbing the plasma.

One way to obtain information about the plasma sheath
is to determine the strength of the vertical confinement of a
dust particle. A common technique to do this is the resonance
method [17], as applied in [5], [7]-[9], and [12]. Evaluating the
resonances of the dust particles allows measuring the confine-
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ment frequency wp, which can be related to the sheath electric
field E(z) and the particle charge Q(z), i.e.,

wh = —=- [E(2)Q(2)] )

where m is the particle mass, and z is the vertical coordinate.
The integration of (1) allows determining the electric field force
Fg(z) = E(2)Q(z), when wy and m are known with some
spatial resolution in z, e.g., by using particles of different sizes
(levitation heights) [7], [9] or one particle under hypergravity
conditions [12]. The major disadvantage of this method is that
it does not allow to separate the quantities F(z) and Q(z)
without further assumptions. Hence, if one is interested in the
particle charge (), one needs further information about the
sheath electric field, e.g., a sheath model.

The intention of this contribution is twofold. First, we
demonstrate that polymethylmethacrylate (PMMA) particles
confined in the plasma sheath can be subject to a continuous
mass loss affecting the charge-to-mass ratio and the levitation
height. This rises the possibility to probe the force balance of
the particles with high spatial resolution. Second, a quantitative
comparison to the sheath model of Douglass ef al. [18] is made.
The advantage of this model is that it includes the particle
charging, which allows avoiding the problem of separating
F and Q.

II. METHOD VERIFICATION

To determine the temporal evolution of the particle size and
the confinement frequency wy, the phase-resolved resonance
method (PRRM) [19] is applied, which is particularly sensitive
for wy and the gas friction coefficient . Since the precise de-
termination of these two quantities is critical for the succeeding
measurements, the aim here is to demonstrate the reliability of
the results obtained with the PRRM.

A. Method Description

The vertical confinement of a dust particle in the plasma
sheath is to a good approximation harmonic, as long as the
excursion from the equilibrium position ¢ is small compared
with the sheath width dgy, (e.g., {/dsn < 0.2) [20]. If we apply
a sinusoidal force to the dust particle, the trajectory can be
described by that of a driven damped harmonic oscillator. The
corresponding equation of motion is

€4 29€ + w2€ = Ke™ 2)

where K is the amplitude of the excitation force normalized
to the particle mass, v is the neutral gas friction coefficient,

0093-3813/$31.00 © 2012 IEEE
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Fig. 1. (a) Sketch of the experimental setup. (b) Typical resonance curves:
&po and Eggo versus (crosses) excitation frequency w. The full lines are fits of
a(w) and b(w).

wy is the eigenfrequency of the oscillator, and w is the driving
frequency. Here, we are only interested in the oscillatory solu-
tions £(t) = A(w) exp(iwt). The complex amplitude A(w) can
be written as A(w) = a(w) + i b(w), with

K (wd — w?)
= 3
T ey o
b(w) = — 2Kyw @

(B =) + (21)?

A sketch of the experimental setup is shown in Fig. 1(a). A
dust particle is confined in the sheath of an RF parallel-plate
discharge above the driven electrode. The function generator
modulates the self-bias of the driven electrode sinusoidally
and triggers the camera. This sets the particle into vertical
oscillation and allows measuring the particle position &, at
a given phase ¢ within one oscillation period. This phase-
resolved technique yields the complex amplitude. It is a(w) =
§o° (w) and b(w) = &ooe (w).

Resonance curves are obtained by measuring £go and &ggo
versus the excitation frequency w for a constant driving am-
plitude. An exemplary pair of resonance curves are shown in
Fig. 1(b). The full lines are fits of (3) and (4), which yield the
parameters wp, v, and K. The excellent agreement between
the measurement and the fit results in small errors Awg, A,
and AK. Typically, it is Awg/wo < 1073, Ay/y < 1072, and
AK/K <1072 [19].
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Fig. 2. Gas friction coefficient y versus gas pressure p for MF particles with
rqg = 6.0+ 0.1 pm and different noble gases. The full lines represent the
Epstein relation in (5).

100 120

B. Epstein Friction

We want to demonstrate that the PRRM gives reliable values
of the friction coefficient 7 in a pressure range between 1 and
100 Pa, which is in agreement with the friction coefficient given
by Epstein [21], i.e.,

y=i P 5)

T TdPdVth,n

where ¢ is a parameter between 1 and 1.44, accounting for the
type of reflection of the neutral gas atoms at the particle surface,
e.g., specular reflection § = 1 or diffuse reflection 6 = 1.44. p
is the neutral gas pressure, 4 is the radius of the dust particle,
pa is the mass density of the particle, and vyy, 4, is the thermal
velocity of the gas atoms.

For Helium, Neon, Argon, and Krypton, we determined
the friction coefficient « versus the neutral gas pressure p
(see Fig. 2). For each measurement sequence (noble gas),
all measurements were performed with the same particle. We
used melamine formaldehyde (MF) particles with a radius of
rq = 6.0(£0.1) pm. The particles were baked out before filled
into the dust dispenser to avoid an outgassing of water, e.g.,
a mass loss of the particles over the measurement time. As
we have shown in [19], the mass density p = 1360 kg/m? is
~ 10% smaller than the value given by the manufacturer. The
RF voltage was U,¢ ~ 200 V,,, but for technical reasons, it
had to be adjusted for different gases and pressure ranges.
Nonetheless, this should have no influence on the gas friction
experienced by the particles.

The linear dependence between the friction coefficient v and
the neutral gas pressure p, as predicted by Epstein [see (5)],
is well reproduced for the entire pressure range between 1 and
100 Pa for all gases. For a quantitative comparison, we assumed
a neutral gas temperature of 7;, = 300 K and a reflection coef-
ficient 6 = 1.44 (see full lines in Fig. 2). For all gases, the mea-
surements are in good agreement with the Epstein relation. The
dominant error source is the pressure measurement. Although
we used a Baratron manometer and a gas viscometer vacuum
gauge to calibrate the pressure measurement, there can be a
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systematic error of p on the order of +£5%. Further error sources
are the size distribution of the particles (see Section II-C)
and the outbaking of the particles since we do not know if it
affects the size (distribution) of the particles. Here, we assume
a mass reduction of 10% and an unaffected particle radius;
this may result in an additional systematic error, which we
cannot quantify. The error of the temperature estimation is
negligible compared with the other error sources, because 7 is

proportional to /1/T,.

C. Size Distribution of MF Particles

The PRRM is particularly sensitive to the confinement fre-
quency wp because a(w) [see (3)] has a sharp zero crossing
directly at wp, as shown in Fig. 1(b). This allows resolving
even the very narrow size distribution of MF particles, which
is shown in the succeeding discussion.

For small oscillation amplitudes, we assume the particle
charge to be independent of the position z. Then, it is wg o
@/m. In the orbital motion limit [22], the floating potential of
the particles is independent of the particle radius r4, and the
charge () is proportional to the particle radius r4. Since the
mass scales as m o rfl, itis wy o< 1/rq. If we assume a normal
distribution of the particle sizes with a standard deviation
Arg, this should result in a distribution of the confinement
frequencies with

Awo

AT’d
wo T

(6)

To check this relation, we have measured the eigenfre-
quency of 29 MF particles with 74 = 5.83(0.085) um, e.g.,
Arq/rq = 1.5%. In contrast to Section II-B, the particles were
not baked out so that the size values given by the manufacturer
are reliable. Since the measurement of the resonance curves
for each particle takes only a few minutes, the mass of the
particles can be considered constant over this time. To ensure
constant plasma parameters over the entire measurement series,
the measurements were started a few hours after the ignition
of the discharge. The resulting distribution of wy is shown
in Fig. 3. For comparison, we plotted the corresponding nor-
mal distribution for the obtain values of wy = 78.6 rad/s and
Aw = 1.2 rad/s. Thus, it is Awg/wy = 1.5%, which is in good
agreement with (6) and the size distribution of the particles
given by the manufacturer.

III. CONTINUOUS MASS LOSS OF A PMMA PARTICLE

We exposed a PMMA particle to an Argon plasma for a
long time. In the succeeding discussion, it is shown that the
plasma environment causes a continuous mass loss over time.
As described in Section II, the PRRM gives reliable values
of the friction coefficient ~y satisfying the Epstein formula in
(5). Here, we will make use of this relation to determine the
temporal evolution of the particle size (mass).

Since this measurement requires constant plasma parameters
for more than 20 h, we let the plasma burn for more than one
day to reach stable conditions. The experiments were performed
at a gas pressure of p =11.5 Pa (Argon) and a discharge
voltage of Uys = 200 V,. A single PMMA particle (radius
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Fig. 3. Histogram of the confinement frequencies wg for 29 MF particles.
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Fig. 4. Time evolution of the confinement frequency wo (green line), the gas
friction coefficient + (blue line), and the particle radius 74 (red line) for a
single PMMA particle confined in the plasma sheath. The straight gray line
is a linear regression yielding an initial particle radius of ro = 10.8 um and a
radius decrease rate of « = 0.57 pm/h.

rq = 10.9(£0.18) um) was injected into the plasma, and we
continuously measured resonance curves for more than 20 h.
In Fig. 4, the gas friction coefficient v and the eigenfrequency
wo are plotted versus time ¢. Obviously, the particle properties
change over time due to the ambient plasma.

The radius r4 of the PMMA particle can be calculated from
the gas friction coefficient . To reduce the number of free
parameters (e.g., gas temperature 7;, and reflection coefficient
), we used the MF particles from Section II-C as a reference.
After the measurement sequence of the PMMA particle was
completed, we measured resonance curves of 15 MF particles
under the same conditions. This gives an average gas friction
coefficient ¥y = 6.45 s~1. Thus, the radius of the PMMA
particle follows from (5), i.e.,

_ JmF PME
Y op

rq MF @)
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where pyp = 1514 kg/m3 and Typ = 5.83pum are the mass
density and the average particle radius of the MF particles,
respectively; and p = 1190 kg/m? is the mass density of the
PMMA particle.

In Fig. 4, the radius of the PMMA particle is plotted versus
time ¢. The particle radius decreases almost lineary with a rate
of a = 0.57 um/h. Furthermore, the initial size of the PMMA
particle (¢t = 0 h), as deduced from (7), is 7o = 10.8 pm. This
value agrees well with the manufacturer specifications of r4 =
10.9 £ 0.18 pm.

IV. PROBING THE PLASMA SHEATH

We have monitored the mass loss of a PMMA particle for
more than 17 h (see Section III). At this time, the radius of
the particle changes from 10.8 to 0.8 um, e.g., the particle lost
more than 99% of its inital mass. This affects the levitation
height of the particle above the lower electrode h. Large (heavy)
particles are located deep within the plasma sheath, whereas
smaller (lighter) particles are located close to the sheath edge.
Since the levitation height z, the eigenfrequency wy, the particle
radius 74, and the particle mass m are known at any time, it is
possible to reconstruct the force balance of the particles at any
levitation height.

We compare our measurements with the sheath model of
Douglass et al. [18], which gives a spatial-resolved profile
of the sheath electric field E(z) and the floating potential of
the dust ¢4(z). The particle charge ) can be related to the
floating potential ¢4 by the spherical capacitor model [23]; it
is Qg = 4dmegrydy. Inserting this in (1) yields

0¢q

o Ameory <

wh =
0 m

(sta +

Thus, from the measurements in Section III, we can deter-
mine the quantity

oE mwg

_ 9%a\ _
b= ((bdaz + EE)Z’) " Amegryg ©)

which can be considered as an effective spring constant describ-
ing the strength of the (harmonic) confinement. In Fig. 5, D is
plotted versus the levitation height 2z of the particle (red line).
D, as deduced from the model [18], is plotted in blue.

Since the results of the model for the sheath width tend
to be more extended in the z-direction [18] and the pressure
assumed (p = 20 Pa) was not the same as in the experiment
(p = 11.5 Pa), it is reasonable that both D profiles do not
exactly match. Nonetheless, some features are well reproduced.
In both cases, there is a distinct maximum with a steep decrease
toward the sheath edge. The height of the maximum is of
the same order of magnitude, whereas the maximum for the
measurement is larger than for the model. This is reasonable
because the voltage drop about the sheath is the same, and if
the sheath is thinner, the electric field F(z) and therefore D
must be larger.

1 7
oL
Measurement
2 L
& 1.5¢7
£
Al
< Model
e 1 Douglass
0.5
0
0 5 10 15

z (mm)

Fig. 5. Parameter D versus the levitation height z of the particles, as obtained
from the measurement (red) and the sheath model (blue).

V. DISCUSSION AND CONCLUSION

Here, we have proposed an alternative method to use par-
ticles as probes for the plasma sheath. The continuous mass
loss of the PMMA particle causes a steady increase in the
equilibrium position. This allows probing the force balance
with high spatial resolution, as compared with experiments
[51, [71, [9] where particles of different sizes are used. This
approach is complementary to the hypergravity experiments
[12]. In both experiments, the force of gravity F' = mg is
varied. Here, we reduced the particle mass m, whereas in [12],
the acceleration of gravity g was effectively increased. While
our setup is less complicated to realize, it is limited to situations
where the plasma substantially reduces the particle mass over
time. Among others, this depends on the type/composition of
the gas, the discharge pressure, the RF voltage, and the material
that the microparticles are made of.

A possible mechanism for the continuous mass loss of the
particles could be reactive sputtering due to impurities (e.g.,
Oxygen), as it was found by Zeuner et al. [24] for the etching
of PMMA in an Argon discharge. Furthermore, the sputtering
of PMMA by the impinging Argon ions might contribute to
this process. However, a detailed discussion of the origin of the
observed mass loss is beyond the scope of this paper and will
be addressed in the future.

The proposed technique of making use of the continuous
mass loss of a dust grain in combination with a PRRM allows
probing the electric field force Fg(z) = E(z)Q(z) with high
spatial resolution, which can be used to benchmark sheath mod-
els. Here, we have not obtained a quantitative agreement be-
tween the measurement and the sheath model [18], and we leave
a detailed discussion of the discrepancies for future work. Nev-
ertheless, some qualitative features are reproduced, e.g., the dis-
tinct maximum of D found in the measurements strengthens the
finding of Douglass et al. [18] that the floating potential of the
dust particles ¢4 is maximal at an intermediate levitation height.
This might explain the disproportionate increase of the particle
charge (@ to the particle radius 74 for small- (light) to medium-
sized particles [20], [25] since smaller particles are confined at
levitation heights, where ¢4 decreases toward the sheath edge.
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Further assumptions on the sheath structure [12] or additional
measurement [11] would allow to separate the sheath electric
field E from the particle charge ). We like to mention that,
for smaller particles (r4 < 3 pm) located close to the sheath
edge, the ion drag must be taken into account [26], which we
have neglected so far and is beyond the scope of this paper. This
might explain the more rapid decrease in D toward the sheath
edge, as compared with the sheath model [18] (see Fig. 5).

The applicability of the Epstein model [21] and, in particular,
the exact value of the reflection coefficient § for parameters
typical to dusty plasmas are still an open question. So far, most
work on this issue was done in pure Argon plasmas (e.g., see
[9], [27], [28], and [29]). We studied the friction coefficient
of MF particles systematically for a wide pressure range in
common noble gases (He, Ne, Ar, and Kr). Within the error
margin, the results agree with the findings described in [27] and
[28], which suggest to choose the reflection coefficient § close
to the upper limit of 1.44.
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Abstract

For the in situ analysis of nano-sized particles in a laboratory plasma, Mie ellipsometry is a
well established technique. We present a simple setup with two CCD cameras to gain online
spatiotemporal resolved information of the growth dynamics of particles which are produced
by plasma chemical processes in an argon—acetylene plasma. Imaging Mie ellipsometry
proves to be a powerful technique to study the growth processes of nanodust in all its details.

Online supplementary data available from stacks.iop.org/PSST/21/065005/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction electron microscopy [6].

Later, improved techniques were

It has been long known that plasma chemical reactions can
lead to the growth of particles (dust) in the plasma volume.
These dust particles are observed as unwanted by-products
during plasma etching of silicon wafers. Unfortunately,
the dust grains fall down to the wafer, if they become
too heavy or when the plasma is switched off, and spoil
the etched structures on the wafer. On the other hand,
it has been found that particles produced in plasmas have
great technological potential. One example is amorphous
hydrogenated silicon (a-Si:H) nanoparticles produced by
plasma-enhanced chemical vapor deposition (PECVD) [1, 2]
and embedded in thin films, which can be used to produce low-
cost solar cells. It should be mentioned that nano-sized dust
particles are also an important component of the interstellar
medium [3] and the comparison with laboratory experiments
is very fruitful [4].

In situ measurements of size and density of plasma-
grown particles were first realized by looking at the amount
of unpolarized scattered light [5] or ex sifu using transmission

0963-0252/12/065005+07$33.00

developed which used Mie ellipsometry to get information
about size and density of the dust [7,8]. Mie ellipsometry
with CCD cameras was first presented by Shiratani [9]. The
combination of in situ and ex situ measurements led to a
detailed picture of the genesis and growth process of nanodust
particles in a noble gas plasma with silane (SiHy) or acetylene
(C,H,) admixtures (see [10, 11] for an overview).

In addition to the plasma technological relevance, basic
plasma research with nanodust has the advantage that
gravitation is not a dominant force, i.e. nanodust clouds can
be produced and investigated in the laboratory without gravity
compensation. Compared to dusty plasmas with micrometer-
sized particles, the observation of single particles with sizes
smaller than the illumination wavelength by video microscopy
of single particles is not feasible. Nevertheless, the dynamics
of large ensembles of nanodust (clouds) can be studied using
fast CCD cameras.

Amorphous hydrogenated carbon (a-C : H) particles grow
inside an argon—acetylene plasma. Following Berndteral [11],
the growth process can be divided into three distinct phases:

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The elliptically polarized EM wave is described by two
orthogonal waves E(t) = Ey  exp (i(wt +§;)) and

E,(t) = Eo exp (i(wt +51)). The ellipsometric angles are defined
as amplitude ratio W and relative phase A. The wave propagates
along the z-axis, which points toward the reader [12].

(i) nucleation of small (» < 1 nm) clusters by plasma chemical
reactions, (ii) coagulation of the clusters by collisions up to
radii of around 10 nm, (iii) accretion of the particles by sticking
of molecules (mostly radicals) and ions from the gas phase
to the negatively-charged dust grains. The nucleation phase
depends on many different discharge parameters and chemical
properties. During the fast coagulation phase the dust density
rapidly decreases, whereas it remains nearly constant during
the slow accretion phase. Often a nearly linear increase in
the particle radius with time is observed during the accretion
phase leading to spherical grains with a quasi-monodisperse
size distribution [11].

This paper focuses on the diagnostic of nanodust with
radii larger than 100 nm, i.e. dust in the accretion phase. To
understand the behavior of nanodust clouds, spatiotemporal
information on the particle growth and transport is needed. We
present a method, named imaging Mie ellipsometry (I-Mie),
which is based on the direct measurement of the polarization
state of the scattered light using a polarizing beam splitter
and two CCD cameras to obtain two-dimensional information
about the dust particle size. The proposed method enables us
to study the size-resolved dynamics of nanodust clouds in great
detail. The method is calibrated with a commercial polarimeter
to get information about the complex refractive index of the
dust particles.

2. Basics of Mie ellipsometry

In this section a short description of Mie scattering is given,
which will be needed for the understanding of the proposed
technique. Mie theory describes the change in the polarization
of an electromagnetic (EM) wave interacting with a dielectric
object. In general, an EM wave is elliptically polarized, and
its electric field components in a Cartesian coordinate system
(|l, L) can be described by the relative phase A = §; — 6 and
the ratio ¥ = atan(Ey, |/ Eo, ) of the amplitudes, see figure 1.
For partially polarized wave fields the ellipsometric angles, ¥
and A, and a set of measurable intensities, the Stokes vector,

can be used to describe the polarization state of the light
Iy I

1 p
0 L =1, _ —1I,cos(2 W)
U| | Iza—I-zp I, sin(2 W) cos(A)
\%4 Ir — I —1I,sin(2 ¥) sin(A)
Iy U+ 1)/ 1,
o1 _ —cos(2 W)
o] =" sin@wcos(a) |- @
0 —sin(2 W) sin(A)
Iy = I, + I, is the total intensity (polarized part I, and

unpolarized part /,;). The unpolarized part , accounts for light
that reaches the detector and is not coherent with the incident
EM wave. For Mie ellipsometry in a plasma 1, is likely to result
from the ambient plasma glow. The intensities in equation (1)
Iy, 1, I/ and I_; /4 denote the intensities passing through
an ideal linear polarizer aligned at angles of 0, 7 /2, 7/4 and
—m /4, respectively. Ix and I, are the intensities transmitted
by ideal right- and left-circular polarizers [12]. The right-hand
side of equation (1) shows how the Stokes vector is related to
the ellipsometric angles W and A. It is noted that only for a
fully polarized wave the relation 17 = Q*+U?+V?is valid. If
the wave is partially polarized the degree of polarization (DoP)
is defined as the ratio of the intensity of the polarized part of
the beam to the total intensity

I VO +U?+V?
DoP = —2— = Q ) ()
I+ 1, I

It is straightforward to describe an ellipsometer system
that is built from, e.g., polarizers, retarders and analyzers
mathematically by using Stokes vectors. If Sj, is the Stokes
vector of the incoming wave and S, that of the wave after
propagating through an optical component, the Stokes vector
of the outgoing wave is given by Sy, = M Sin, where M is the
Mueller matrix [12] of that optical component.

The Mueller matrices for linear polarizers along the || or

. <>
1 axis M p, and My p, , are defined as

1100 1 -1 00
. 11t 100 N I1l-1 1 00
MLP’”_E 0000’MLM_§ 0 0 00
0000 0 0 00

3)

Since the Stokes vectors are defined in a Cartesian coordinate
system of the propagating wave, it has to be taken into account
that a rotation of the coordinate system of the wave leads to an
additional rotation matrix [12]

1 0 0 0
10 cosRa) sin(Za) O

R = 0 —sinQa) cosa) O “)
0 0 0 1

Note that 1, Q% + U? and V are invariant under rotation of the
reference directions.

To account for the scattering of light of nano-sized
particles, the particle is input to the analysis by its own Mueller

matrix, called the scattering matrix Ky [13]. The elements S; ;



Plasma Sources Sci. Technol. 21 (2012) 065005

F Greiner et al

gas input

-

electrode

160 mm

electrode

200 mm

to pump

Figure 2. Sketch of the experimental system. The electrodes have a diameter of 60 mm and a gap width of 40 mm. The argon-acetylene gas
mixture is injected from the top, and the vacuum pump is connected to the bottom of the chamber. The balun isolates the electrodes

galvanically from the grounded vacuum chamber.

of § can be derived from the vector wave equations of the
scattering of an EM wave on a particle. The S; ; are functions
of the scattering angle (90° for our setup), the relative refractive
index N and the size parameter x. The relative refractive index
N is a complex number

m
= — =m, +im;, 5)

where m and my are the refractive indices of the particle and
the surrounding medium (mq = 1 for a plasma). The real part
of the refractive index m, is related to the change in the speed
of light, the imaginary part m; to the absorption of the light.
The size parameter is the relative size of the particles

2w mor
x =kr =
A

; (6)

i.e. the circumference of the particle normalized to the
wavelength of light in the surrounding medium, A is the vacuum
wavelength of the light. The job of an ellipsometer is to
measure quantities that can be used to determine x and N
from the scattering matrix of the particles. More details can
be found in the textbook of Bohren and Huffman [13].

3. Setup of I-Mie

The experiments were performed in a conventional capa-
citively coupled rf discharge (8W@13.56MHz) in a
parallel-plate reactor with circular electrodes of 60 mm
diameter and a gap width of 40 mm, as sketched in figure 2.
Both electrodes are driven over a balun in push—pull drive and
the discharge vessel is grounded. The balun has a very small
parasitic capacity and isolates the electrodes galvanically from
ground, creating an almost symmetric drive of the discharge.
At a discharge pressure of 30 Pa the argon flow is 20 sccm
and the acetylene flow is 3sccm. The two gases are mixed
together before the gas enters the vacuum chamber. The

pumping power of the vacuum pump is very low to ensure
a homogeneous, laminar flow. To prevent large dust particles
from re-entering the electrode gap after being repelled from the
plasma, a large chamber volume below and above the electrode
system is necessary. If the chamber walls are too close to the
electrode gap, the dust particles ejected from the electrode
region accumulate around the electrodes and the dynamics of
the growth instability would be modified.

For I-Mie the plasma volume was illuminated from one
side with a laser (200mW, 532nm), widened to a laser
stripe of 1.5 mm thickness and 40 mm width in the direction
perpendicular to the electrode surfaces. The scattered light
from the nanodust was detected at a scattering angle of 90°.
The scattered light passes a wavelength filter (at 532 nm),
a camera lens, and a polarizing beam splitter. The two
orthogonal directions of polarization were recorded by two
CCD cameras with a resolution of 640 x 480 pixel. The region
of interest (ROI), which shows the center region between the
electrodes, is 440 x 330 pixel at a resolution of 100 um/pixel,
i.e. 44mm x 33mm. The cameras were externally triggered
for time-synchronous recordings.

The details of the ellipsometric assembly are shown in
figure 3. The polarization of the laser stripe is 45° with
respect to the plane of incidence. This ensures that the incident
intensities /; ; and I ; have the same absolute value before
scattering. The symbol ‘L1’ indicates scattered light with
a polarization perpendicular to the plane of incidence and
the symbol ‘|’ indicates light with a parallel polarization.
Following Hollenstein et al [7] it is assumed that the cameras
detect the spatially resolved power W (x, y) and W) s(x, y),
where x and y refer to the positions on the CCD sensors. In
the case of single-particle scattering W, s(x, y) and W) s(x, y)
are proportional to the intensities /, s and I; s of the scattered
light, i.e.

Wi s(x, y) o< Np(x, y)AVAQI, ((x, y),
Wi s(x, y) o< Np(x, ) AVAQI (x, y).

(7
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Figure 3. Setup of imaging Mie ellipsometry. The incident laser
light is linearly polarized with an angle of 45° with respect to the
plane of incidence. The scattered light is observed under a scattering
angle of 90°, split into its orthogonal parts by a polarizing beam
splitter and detected by two CCD cameras. In addition, the scattered
light is monitored by a rotating compensator ellipsometer (RCE).

Np(x,y) is the number density of nanodust in the
observation volume AV from which the light is scattered into
the solid angle AQ2. This angle should be small enough to
ensure a small error of the scattering angle, which was chosen
to be 90°. It is assumed that the observation volume AV and
the solid angle A2 have the same value for all camera pixels.
For the sake of clarity the light intensities / will be used instead
of the powers W. The measured camera power signals deviate
from the intensities of the EM waves only by a factor that does
not affect the polarization of the scattered light.

For deducing information from the scattered light detected
by the cameras, the Stokes vector can be used. For this, the
Stokes vector of the scattered light S; = (I, + I, O, U, V)T
needs to be multiplied by the Mueller matrices of the polarizing
beam splitter M p,| and M Lp,. as given in equation (3). The
Stokes vector of the light behind the analyser, which is parallel
to the scattering plane, is then given by

1 10 0 I, +1, IL+1,+Q

s 11100 [0) I\ L+L+0
=210 0 0 0 u | 2 0
0 0 0 O \% 0

As a result, the intensity detected from camera CCDj (see
figure 3) is

Ls=1U,+1L,+ Q). )
In the same way, the signal reaching camera CCD, can be
derived

I s = %(Ip +1,— 0).

The sum and the difference of equations (10) and (9) are

(10)

In=1Ls+1,

(1)

O=1ILs—1.;. (12)

These equations show that the Stokes parameter Q of the
polarized part of the light reaching the camera can directly
be measured by the two CCD cameras. However, the Stokes
parameter Q is an absolute intensity, i.e. during the growth of

the particles it changes drastically over several decades. To get
a suitable quantity the relative ¢ = Q/Ip can be used. With
I, = Iy — 1 it follows that

0@, y) I s(x, y) — 11 s(x, y)
LG y) I, y) +1g(x, y) — L(x, y)
_ 9,y 1

 Iy(x,y) DoP(x,y)’

The last step follows from equation (2).

Unfortunately, the two camera signals do not carry
information about the DoP, i.e. additional, spatially resolved
information of DoP is required to compute g(x,y,1).
However, a simple scheme of I-Mie can be built, when
measuring the DoP at a fixed position and assuming a spatially
constant value DoP(x, y) = DoP. In the next section it will
be shown that this assumption is fulfilled for our experimental
conditions.

The relative value g can be used to generate a colormap
that contains size information computed from the signals of
the CCD cameras. In this way, the spatiotemporal growth
of nanodust can be studied in detail. The g-colormap gives
relative size information. To transform the g-scale into a size
scale, the whole scattering matrix of the nanodust has to be
known. For this purpose a rotating compensator ellipsometer
(RCE) [12] was used which measures the ellipsometric angles
W and A at a single spatial position. This measurement was
made continuously during growth and ejection of the nanodust,
leading to a so-called kinetic Mie ellipsometry scheme that is
capable of estimating the refractive index for the full period of
the growth oscillation. The RCE measures the ellipsometric
angles W and A simultaneously with the CCD cameras for
the same scattering angle of 90°. By doing so, the measured
parameter ¢ from the camera system can be compared with the
information obtained from the RCE. The RCE also measures
the time-resolved DoP parameter needed to compute g.

In the next sections it will be shown that the
described simple I-Mie scheme is capable of analyzing the
spatiotemporal evolution of growing nanodust in an argon—
acetylene plasma.

q(x,y)

13)

4. Experimental results

When the rf is switched on, the growth process starts, leading
to the above-mentioned growth cycle of dust particles. The
periodic behavior can be seen in figure 4 where the scattered
light In = I + I, s averaged over the whole CCD data is
shown for several cycles. The development of the dust cloud
over one cycle of the growth instability is shown in figure 5
for the averaged intensities and a set of images. When the
particles’ size increases, a void develops in the center of the
plasma, which becomes larger over time. At a specific point the
void fills the whole electrode gap and all dust is depleted from
the plasma. After a short time the next growth cycle starts.
For determining the relative value g¢(x,y,t) from
equation (13) the DoP(x, y, ¢) is needed. In the present setup,
the DoP was measured with the RCE at a fixed position near
the lower electrode. In figure 6 the g (x, y, ¢) values measured
with the RCE are compared with the values measured with the
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Figure 4. The total intensity of the scattered light averaged over the
whole dust cloud is shown vs.time. After switching on the
discharge, the growth oscillation establishes.
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Figure 5. Total intensity of the scattered light averaged over the
whole dust cloud for one growth cycle and the corresponding
CCD images. When the particles become larger, a dust-free
region (void) develops in the plasma center. At a certain particle
size the whole dust content has left the electrode gap and a

new growth cycle starts. (See online supplementary movie at
stacks.iop.org/PSST/21/065005/mmedia).
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Figure 6. Comparison of the g-parameter measured with the
rotating compensator ellipsometer (RCE) and calculated from the
CCD data (average of 6 x 6 Pixel) at six positions spread over the
ROI. All measurements are in good agreement. The inset shows the
position where the measurements were taken. The small filled
square gives the position were the RCE data were taken.

cameras, where the data has been taken at six positions over
the ROL. It is found that the ¢ values measured by the RCE and
the CCD cameras are in good agreement.

However, the particle growth at the six positions is not
synchronous. Therefore, the g curves were shifted along the
time axis to compare their slopes. The finding that the detailed
dynamic of growth process shows an identical but slightly
asynchronous temporal behavior at different positions is in
agreement with the well known fact that the particles grow
nearly monodispersely over time [11] and have only a small
spread in size.

The assumption of a constant DoP is justified. This result
is reasonable considering the fact that the plasma glow is the
main source for omnidirectional unpolarized light, which can
reach all channels of the CCD cameras.

To get in situ information about the particle size, the
(A, W) signals of the RCE are plotted as function A(W) and
fitted with a model that assumes a linear change in the refractive
index with the particle radius. A linear N (r) model seems to be
a reasonable approximation for the refractive index, when the
nanoparticles are coated spheres. The refractive index of the
core, which is built during the coagulation phase, is assumed
to be different from the refractive index of the shell, which is
built during the accretion phase. The coated sphere model is
supported by the chemical ex situ analysis of the of (a-C: H)
particles [14]. The result of the fitting procedure is shown
in figures 7(a) and (b). With the known refractive index, the
increase in the particle radius over time can be computed, see
figure 7(c). This relation can be used to compute the growth
r(q), which is a function that delivers a distinct particle radius
r for every value of ¢, shown in figure 7(d).

Finally we calculate the color-coded images from each
pair of images acquired during the growth process. Figure 8
shows a sequence of events over one period of the growth
oscillation. The color corresponds directly to the radius of
the nanodust. The dynamics of the growth process are clearly
visible by the varying color.

The growth process starts with a very homogeneous
distribution of particles and a void develops when the particles
grow larger in time. A further increase in nanodust size
leads to a sedimentation of the dust, where the larger particles
are found at the lower edge of the dust cloud. In addition,
it can be seen that the growth is slightly inhomogeneous,
i.e. ‘growth fronts’ are moving through the nanodust cloud.
This may be attributed to an inhomogeneous transport of the
(neutral) molecules and radicals, which are needed to grow
dust particles during the accretion phase. The dynamics of
the neutrals and radicals is a key parameter for the production
of nanoparticles. A homogeneous flow of the acetylene leads
to a nearly monodisperse production of nanoparticles. The
interplay between production of neutrals, radicals and small
clusters plays a critical role for the growth of particles. This
was also shown in simulations [15, 16]. In our experiment,
we arranged for a homogeneous, laminar flow of acetylene.
The ‘growth fronts’, one of which is clearly visible in the
upper right corner of frame 13—18 (region indicated in figure 8
frame 13), can arise due to two different processes: residual
inhomogeneities in the flow of the acetylene or exhaustion of
the building blocks of the nanodust.

5. Conclusion

A simple but powerful technique for imaging the growth
dynamics of dust particles grown in an acetylene plasma has
been implemented. The technique provides two-dimensional
spatial information of the dust-particle size distribution that can
be followed in time. The main components needed for imaging
Mie ellipsometry (I-Mie) scheme are a polarizing beam splitter,
which divides the scattered beam into two orthogonal polarized
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Figure 7. (a) The A(W) data measured with the RCE. The data is fitted by a linear N () model to determine the refractive index and the
radii of the particles. (b) Values of the refractive index estimated from the linear model used to fit the A(W) curve of figure (a). (c¢) Increase
in the particle radius averaged over time for several growth cycles. (d) r(g) curve giving a particle radius for every value of ¢. The line is
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Figure 8. Spatiotemporal evolution of the g-parameter

(equation (13)) during one period of the growth instability. The
color of the data corresponds directly to the radius of the growing
particles. The upper graph shows the times at which the images are
taken. The signal detected by the CCD; camera in the first two
frames was too small to determine a significant ¢. Sedimentation
and several ‘growth fronts’ are observed during the growth of the
particles. The square in frame 13 indicates one position where a
‘growth front’ is clearly seen. (Movie online, see online
supplementary movie (stacks.iop.org/PSST/21/065005/mmedia)).

beams, and two conventional CCD cameras for recording the
polarized beams. The spatial resolution of the setup depends
on the used camera lens, the thickness of the laser stripe and
the dust gradients inside the nanodust cloud.

The normalized Stokes parameter ¢ = (Q/Ip can be
determined from the recorded data allowing for spatiotemporal
investigations of the growth dynamic. The proposed simple
scheme is based on the fact that, under the conditions of the
present experiment, the unpolarized part of the scattered light,
which originates from the plasma background glow, is constant
over the whole observation region. I-Mie would also work
if the polarization degree P = —g/DoP [13] is used for the
diagnostic of the nanodust [7]. However, the P (¢) curve shows
alocal maximum in the size region of interest, impeding a one-
to-one relation between time and size. Nevertheless, the I-Mie
technique using P still gives qualitative information about the
particle size.

The investigation of the well-known growth instability in
an argon—acetylene plasma shows that the I-Mie technique
provides new insight into the dynamics as it makes it possible to
study spatial inhomogeneities during growth. Sedimentation,
which occurs when the dust particles become so large that
the force of gravity becomes noticeable, was clearly observed
and it could be verified that the bigger dust particles were
sedimenting while the smaller ones were still found above the
void. These details have not previously been accessible with
high spatial resolution, since the size of the dust particles is
much too small for distinguishing the sizes by standard video
microscopy. Other small-scale features during growth such as
‘growth fronts’ became visible.
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The presented I-Mie scheme can be further improved
when the unpolarized part of the light is measured
independently. This can be done by taking two images for
each time step, in which the laser stripe is alternating between
on and off.

There is a strong demand for the I-Mie technique as it
provides more detailed information, which is needed for the
understanding of the dynamics of complex situations with
nanoparticle growth involved. For example, situations where
instabilities are observed inside the void [17] or the so-called
‘carousel instability’ [18] would benefit. It is believed that
the size of the dust particles plays a decisive role for these
dynamical phenomena but it has not been possible to prove
this assumption.
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The formation of wake fields downstream of an objects in flowing plasmas has strong implications on structure,
stability and dynamics of complex plasmas. This paper aims at putting recent experimental investigations
and different theoretical approaches on charging of dust grains, stability of dust grain arrangements and the
dynamical properties of complex plasmas into perspective. Further, the combination of wake fields and grain
confinement is discussed, which is the generic situation in complex plasmas. It is shown that in spherical traps
the resulting competition of trap geometry and vertical alignment leads to a sophisticated mixture of nested
shell and string order.

1 Introduction

Symmetry plays a fundamental role in physics. The interaction of dust grains in a complex plasma is generally
adequately described by an isotropic and spherically symmetric Yukawa potential. This symmetry is lost as
soon as plasma and dust grains move relative to each other. Thus, studies of objects in streaming plasmas are
interesting from a very fundamental point of view. The broken symmetry is known to have a large impact
on structure, stability and dynamical properties of this strongly coupled system [1-3]. Non-equilibrium and
streaming effects are omnipresent in nature and play an important role in many laboratory situations. Therefore,
a profound understanding of objects in streaming plasmas is essential for a variety of problems in plasma physics,
e.g. processes in the plasma sheath, probe theory, and measurements near spacecrafts. However, it is the field of
complex plasmas that provides unique opportunities to investigate these basic processes in detail [4].

In laboratory plasmas strong ion flows are typically found in the plasma sheath. Due to a balance of gravita-
tional and electric field forces dust grains are typically confined in this region. Thus, the plasma sheath region
is ideally suited to study the interaction of dust grains in supersonic ion flows. Already with the first attempts to
create three dimensional dust crystals it turned out, that grains tend to align in the direction of the ion flow. The
reason for this alignment is that the upstream (highly negatively charged) grain acts as an electrostatic lens, which
focuses the flowing ions downstream in a distance of about one electron Debye length A p.. The resulting positive
space charge region attracts downstream grains, which thus favor an aligned position. The existence and char-
acteristics of the attractive wake field has been studied by a number of analytical and numerical studies [5-21]
and experiments [22-29]. Based on systems consisting of two grains the wake field topology [27], the ion focus
strength [23,25,26] and the influence of the confinement [24,27,30] have been studied.

While these investigations provide a basic understanding of wake fields in complex plasmas, fundamental
questions remained unanswered. Recent progress in experiment [28—30] and simulation [31-33] now allows to
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address these open issues. First, advanced numerical studies of wake fields [21, 31, 33] allow for an one-to-
one comparison of different simulation approaches. Second, the formation of ion wakes has been intensively
studied for supersonic flows. In contrast, much less attention was paid to the subsonic regime, although the
subsonic regime is of high interest for experiments where grains are confined in the pre-sheath region or the
plasma bulk [28, 30, 34]. Recently, numerical approaches [31-33,35] started to focus on wake field formation in
this regime. Third, it has been assumed that the charging process for dust grains is not affected by the wake field.
Experiments by Kong et al. [36], however, have indicated that the charging process of the dust grains should be
affected by the ion flow and the arrangement of the grains. Recent experiments [28, 29] in combination with
simulations [33] clearly show that in extended dust clouds identical dust charges are only a rough estimate.

This paper aims at putting the experimental and numerical progress on charging of dust grains, stability of dust
grain arrangements and their dynamical properties into perspective and discusses the implications for research on
complex plasmas.

2 Wake Fields in Theory, Simulation, and Experiment

A rigorous method to compute the wake field should be based on first principle calculations which solve the
Vlasov equations for all plasma constituents and mimic collisions for instance with a Monte-Carlo approach.
Powerful tools for this purpose are Molecular Dynamics (MD) simulations and Particle-In-Cell (PIC) methods.
Multi-scale MD and PIC simulations are, however, computationally very demanding and limited to the static
description of very few grains (N < 10). On the other hand, they include nonlinear effects, possible deviations
from a shifted Maxwellian ion velocity distribution and allow for treating the charging process of the grains
self-consistently. Compared to MD, the PIC method can handle significantly more plasma particles and thus
reduces the numerical noise. Recent PIC codes, e.g. SCEPTIC [15], COPTIC [21], a hybrid P3M-code [37]
and DiP3D [16] use three-dimensional grids to simulate the plasma dynamics around dust grains with realistic
grain properties (i.e. dimensions, shape and conductance). SCEPTIC and COPTIC simulate ions with the PIC
kinetic scheme assuming Boltzmann distributed electrons. The hybrid P3M-code and DiP3D are full PIC codes,
where also the electrons are treated on first principles. Usually, 107 plasma particles are simulated around the
grain. In addition, the hybrid PM-code, DiP3D, and COPTIC allow to compute the charging of multiple grains.
To correctly resolve the interaction of dust grains, which have an intergrain distance of the order of the electron
Debye length, these codes (COPTIC, DiP3D, hybrid P3M) use the Particle-Particle-Particle Mesh scheme [38].
Since the relevant time scale for PIC simulations is given by the ion plasma frequency, which is several orders
higher than that of the dust grains, the dust grains are generally treated as stationary objects.

Therefore, in oder to access structure and dynamics of dust clouds it is necessary to capture the dust-plasma
interaction in a time-averaged model (for electrons and ions). A common simplification for a complex plasma,
consisting of electrons, ions, neutral atoms and dust grains, is the so called one component plasma (OCP) model,
where the dust grains are treated individually and all plasma properties are represented by the longitudinal di-
electric function €(k, w). In linear approximation this results in an effective grain potential

_ 3 Qa ik-r
®(r) _/d Mk ) © M

where ()4 is the dust charge and r denotes the distance from the grain. For isotropic and stationary plasma con-
ditions, this gives the well known Yukawa potential. However, for a streaming plasma the response of the plasma
in direction of the flow is more complicated. Linear Response (LR) theory allows for a high precision numerical
computation of the dynamically screened Coulomb potential from the dielectric function. A detailed description
of the numerical treatment is given in [31] and references therein. LR allows to study the generic features of
wake fields in great detail with low numerical noise over broad parameter ranges, i.e. for collisionless and colli-
sional plasmas [31]. Furthermore, LR provides in combination with Molecular Dynamics (MD) simulations the
unique opportunity to study the impact of streaming plasmas on the dynamical, correlated interplay of many dust
grains with unrivalled precision (within the linear approximation) [32,39,40]. However, this approach assumes
point-like (non-absorbing) grains and does not account for self-consistent grain charging processes yet.
Experimental approaches to study wake fields are difficult and only a few measurements have been made. The
non-reciprocal nature of the grain interaction of aligned grains has been demonstrated by Takahashi et al. [22].
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Melzer et al.. [23] showed that the attractive character of the wakes potential critically relies on ion collisions and
gave a first estimation of the attractive force. The strong influence of the confinement on the grain arrangement
was studied by Steinberg et al. [24] and Samarian et al. [41]. The ion focus strength has been studied by Hebner
and Riley using binary collisions [25,26]. Unfortunately, most investigations so far assumed that the downstream
grain neither affects the wake of the upstream grain nor is affected itself by the upstream grain. Basically, ion drag
forces and variations of grain charge were neglected. First experimental evidence that the grain charge changes
for aligned grains was reported by Kong et al. [36]. Recently, Kroll et al. [28] studied the relaxation process in a
system consisting of two grains and showed that the wake strongly alters the grain charge and Carstensen et al.
developed a phase resolved resonance method [42] which allows to determine grain charges with high accuracy.
Thus, the combination of advances in simulation and experiment now provides the possibility to compare results
quantitatively. The following sections are devoted to this task.

3 Comparison of Theory and Simulation

In a first step, we compare the electrostatic potential around a single grain as obtained from LR-theory and from
PIC simulations. Fig 1(a) shows the contours of the wake field potential of a dust grain which is placed in the
origin of the plot (black dot). The collisionless plasma is streaming with supersonic ion velocity in positive z-
direction, e.g. vq > Cs and Cy = +/kyT./m; (where m; is the ion mass and 7 is the electron temperature).
The plasma potential is computed using the DiP3D code. Clearly, a deep potential minimum is observed in
direct vicinity of the grain. In z-direction, i.e. perpendicular to the flow, the potential is in good agreement
with a Yukawa potential .o ~ exp (—xz/Ap.) [31] which is supported by experiments [43]. In z-direction
the potential strongly deviates from a statically screened Coulomb (Yukawa) potential. Downstream of the grain
a pronounced potential maximum is found near z = 2Ap.. The potential maximum has a triangular shape
and a Mach-cone like structure is formed. Thus, our PIC simulations nicely confirm previous findings, e.g.
[12]. Furthermore, Fig 1(b) shows that all topological features are well reproduced by the LR calculations. The
potential maximum is found at z = 2\ p. and the shape and the Mach cone angle agree as well. A more detailed
comparison of DiP3d and LR results is given in a recent paper [31]. There, it is shown that the peak positions
generally agree well for supersonic ion flows. Even in the subsonic regime, where PIC codes are more noisy,
a reasonable agreement is found. A quantitative comparison of the potential profile for a collisional plasma is
given in Fig. 1(c). Again, the peak shape and wavelength agreement is very good. However, as LR uses the grain
charge as an input parameter while in PIC simulations the charge is computed self-consistently, the amplitude of
the LR results are rescaled according to the grain charge (see normalized ordinate in Fig. 1(c)).
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Fig. 1 Comparison of complementary numerical approaches: (a) full 3D PIC result from DiP3D for the wake field potential
of a single dust grain (black dot, radius @ = 0.185Ap.) at supersonic ion flow (vg = 1.5C). The ion flow is from left to right
and positive potential values are yellow or red while negative values are blue. The white area corresponds to very negative
potential values. Despite the fact that the PIC simulations correspond to the nonlinear regime, the corresponding LR result
in (b) reveals the same topological wake structure [31]. (c) wake field potential along z-direction for z = 0 computed with
LR-theory and with PIC simulations using COPTIC for different collision frequencies (vg = Cl).
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Nonetheless, the results clearly show that for a single grain LR and PIC simulations can yield comparable results
even for relatively large grains (radius a = 0.185Ap,) [31].

For a complex plasma the calculations of the wake of a single grain is of basic interest, but equally important
is the question how a second grain will modify the results. Fig. 2 shows the ion density for a system consisting
of two dust grains (radius a = 0.1Ap.). The results are all obtained for a collisonless situation using the DiP3D
code. While Fig. 2(a) and (b) are self-consistent computations, the panels (c) and (d) are superpositions of
wakes computed for isolated grains with adjusted charges to match the conditions of panel (a) and (b). Thus,
a comparison of Fig. 2(a) and (b) and Fig. 2(c) and (d) can be regarded as an estimate for the importance of
nonlinear effects. Generally, the results agree well, but there are some differences. First, the ion focus region of
the upstream grain is significantly stronger in (a) and (b). Second, the ion focus regions are not separated in panel
(a) and (b). The relative deviations of panel (a) and (c) as well as for (b) and (d) can locally reach 50 percent. A
comparison of plasma potential leads to similar results [31]. This implies that nonlinear effects are relevant in a
situation with multiple grains, but for small grains these deviations are reasonable [21]. Thus, combined MD/LR
simulations with an advanced grain-charging model are certainly a very promising approach to describe many
experimental conditions.
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Fig. 2 Ion density (color coded) for two dust grains in a slightly supersonic ion flow (vq = 1.2C5). The grain positions are
marked with white circles. (a) and (b) are self-consistent computations with the DiP3D code for (a) an almost aligned grain
arrangement and (b) for a notable grain separation perpendicular to the ion flowing. In both cases the intergrain distance is
Ape. The panels (c) and (d) show the same situation but here the ion density is obtained from a superposition of wakes from
isolated grains which were calculated with DiP3d and account for a charge adjustment on the downstream grain.
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For experiments [23, 25, 26, 41], this finding has consequences as well. The fact that the downstream grain
modifies the ion focus of the upstream grain implies that the downstream grain cannot be used straight forward
as a probe for the ion focus region of upstream grains. Only for a sufficient distance between the grains the
assumption of linear superposition is generally justified.

4 Charging of grains in streaming plasmas

The grain charge is determined by the plasma conditions. The floating potential of the grain establishes in such
a way that electron and ion currents balance. The influence of a single dust grain on the overall quasi-neutrality
ne = n; can be neglected and for collisionless plasma conditions OML-theory is widely used to compute the
grain potential and finally the grain charge. In a streaming plasma the grain charge additionally depends on
the flow velocity v4. As the cross-section for ion collection reduces with increasing v, the electron and ion
currents are only balanced at a more negative floating potential. The grain charge becomes more negatively with
increasing vg4. In collisonless PIC simulations the charging process is computed self-consistently and agrees well
with OML-theory [33,44,45].

0.1 - .
(C) Upstream particle

direction of
(a) ion flow I:>

(d)Dov;nsiream'panicle )

upstream d downstream 0.1
particle particle

0.0
%)
E
-1.4
0.6 0.8 1.0 1.2 45 50 55 60 65 70 75

d/ e driver frequency (rad)

Fig. 3 Charge reduction of a grain in the wake of another grain: (a) ion density contour plot for two dust grains aligned
in direction of the ion flow obtaind with DiP3D PIC-code. The distance between grains is d. The ion density is clearly
enhanced downstream of each grain. The solid lines visualize collisionless ion trajectories. (b) shows the charge of the
downstream grain g2 as a function of d. The downstream grain charges negatively and its charge increases with increasing
distance d. Compared to the charge g1 ~ —1.6 x 107 '3 C of the upstream grain a significant charge reduction is observed.
(c,d) Resonance curves obtained in experiment with PRRM for two aligned grains, which are confined in the plasma sheath.
Corresponding resonances of up- and downstream grain are indicated by dashed/dotted lines. (e) shows the resonance curve
of a single (formerly downstream) grain. The resonance frequency has shifted to lower frequencies. Taking the coupling of
the grains into account, this corresponds to a charge reduction for the downstream grain.
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For two (identical) grains in a flowing plasma the situation is more sophisticated. Fig. 3(a) shows the ion
density for a pair of grains, which are aligned in direction of the ion flow. In addition, trajectories of individual
ions are plotted in white. Obviously, the upstream grain shadows the downstream grain but at the same time its
negative charge deflects ions into the focus region. Thus, the current balance for the downstream grain differs
completely from those of the upstream grain. Fig. 3(b) depicts the charge of the downstream grain as a function
of grain distance d. Compared to the charge q; ~ —1.6 x 10713 C of the upstream grain, the charge ¢ of the
downstream grain is significantly reduced. A significant charge reduction is observed for both sub- and supersonic
flow velocities. A systematic investigation of grain charges ¢; and ¢o as a function of inter-grain distance and
flow velocity can be found in Ref. [45].

In experiments the Phase Resolved Resonance Method (PRRM) [42] has been developed to measure grain
charges with high precision. The results shown in Fig. 3(c)-(e) are measured for two grains which are confined
in the plasma sheath above a powered rf-electrode. A small sinusoidal bias modulation of the electrode drives
vertical oscillations of the grains. Now, the grain positions at two distinct phase angles (red and blue) with respect
to the driver signal are measured. This allows to determine phase and amplitude of the oscillation. The plots (c)
and (d) show the grain positions of upstream and downstream grain as a function of the driver frequency w. Based
on a simple model for coupled harmonic oscillators including a external drive F,,;(w) and neutral gas friction,
the equation of motion for this system then reads

&1+ 2716 + Wi + Dia(& — &) = %Ew) o
3 3 Fem
£+ 270bs + w3 + Doy (62 — &) = % )

where the positions of the grains &;(t) are oscillatory solutions, i.e. {;(t) = A; exp iwt. From Fig. 3(c) and (d) it
is seen, that the solutions (solid blue and red lines) fit the experimental data very well [29]. An essential feature of
this oscillator model is that we allow for non-reciprocal forces between the grains. The reason for this is directly
seen from plot (c) and (d). While the downstream grain shows two pronounced resonances at 53 rad/s and 64 rad/s
the upstream grain shows only a pronounced resonance at 64 rad/s. The resonance at 53 rad/s is visible but weak.
Therefore, the upstream grain clearly has a strong influence on the dynamics of the downstream grain, but not vice
versa. This non-reciprocal character had been demonstrated earlier [22,23] and is caused by the supersonic ion
flow, which inhibits any upstream propagation of an ion density perturbation. In a second part of the experiment
the upstream grain was removed and the downstream grain remained trapped. The discharge conditions were not
changed and the resonance curves of the single grain was measured (see Fig. 3(e)). Obviously the resonances of
the single downstream grain shifted to lower frequencies. Usually lower resonance frequencies are related to a
lower charge to mass ratio, but here we have to compare the resonance of a single grain with the resonance of
two coupled grains, where the coupling significantly influences the resonance frequencies. A detailed evaluation
of the resonance frequencies found in Figs. 3(c-e) yields a reduction of charge for the aligned downstream grain
of 22 percent. Repeating the same experiment but removing the downstream grain, the charge of the upstream
grain does not change. Thus, the experiment proves a considerable charge reduction in the wake of other grains.

In addition, the analysis allows to determine the coupling constants for both oscillators. With D12/Ds; = 5.5
the ratio of the coupling constants is significantly larger than one, which means that the upstream grain strongly
influences the downstream grain but not vice versa. This asymmetry has two reasons. The first is the supersonic
ion flow. However, according to PIC simulations the ion flow alone only yields D12/ Da; ~ 1.5. Thus a second
mechanism is required. In Fig. 3(b) the charge reduction was found to depend strongly on the intergrain distance
d and that the charge gradient is to a good approximation linear. Taking into account that the equilibrium position
of the grains is determined by a balance of gravity and electric field forces, the charge variation on the downstream
grain caused by an oscillation of the upstream grain generates an imbalance of electric field forces and gravity
and thus an effective enhancement of the coupling constant [29].

Therefore, the experiments show that the force balance, coupling and charging of only two aligned grains is
a sophisticated problem. This problem is further complicated if the grains are not aligned or if multiple grains
are studied [46]. The experiments of Kroll et al. [28] in combination with PIC simulations [33] showed that the
charging of grains dramatically changes as soon as they enter the wake region. Finally, drag forces have not
been considered so far. Extensive PIC-simulations by Patacchini et al. [47] have shown that drag forces along the
flow are positive for all relevant conditions. Thus, an upstream motion of grains as observed in MD simulations
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with LR-wake potentials (which neglect momentum transfer) [40] is not expected in experiments. Lapenta [9]
and recently Piel [35] discussed the stability of chains of grains perpendicular to the ion flow. Both find that the
drag forces have a stabilizing effect on chains of grains, but Piel’s trajectory calculations show that the transverse
momentum transfer originating from a loss of rotational symmetry for a displaced downstream grain gives the
dominant contribution. The maximum of the transverse force is predicted for subsonic flows (v4 ~ 0.6C5). A
regime where the ion focus and thus its attractive force on a downstream grain is still weak. For sonic flows, drag
forces are reported to be less important than the attractive wake field itself [48].

S5 Dust clouds in streaming plasmas

Chains of grains are naturally the first step to understand the structural and dynamical properties of dust clouds.
As today’s simulations are just beginning to explore this regime [31, 40, 45, 46], the current understanding is
based on experimental results. Experiments under microgravity conditions [1] and in the laboratory [49-51]
allow to confine dust clouds outside the sheath region. Especially for Yukawa balls [52] the structural and
dynamical properties are well explored [3,53]. Yukawa balls exhibit a pronounced concentric shell structure
without any chain formation, and neither structural nor dynamical processes show indications for an attractive
grain interaction. From discharge simulations the ion drift velocities are known to be well below the sound
speed. Fig. 4 shows measurements of a dust cloud that is confined in a trap in which Yukawa balls form. Here,
two observations differ with respect to Yukawa balls. The neutral gas pressure is just p = 4Pa, which is a
factor of ten below the reference value of typical Yukawa balls, and with a diameter of 20 ym the grains are five
times larger. The resulting structure of this dust cloud has similarities with Yukawa balls. The shape is roughly
spherical and the grains arrange in shells (Fig. 4(b,c)).

(a)® (b) (c)
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Fig. 4 Structural analysis of a 3D dust cloud consisting of 150 grains confined in a Yukawa ball trap. The grains arrange
themselves in vertical chains. (a) The vertical positions of grains are shown for a reference chain (No. 1) and its six neigh-
boring chains (No. 2-7). The neighboring chains are either horizontally aligned (No. 5-7) or vertically displaced by half an
inter-grain distance (No. 2-.4). (b) shows the midplane of the cluster. Vertically displaced chains are indicated with open sym-
bols. The chains clearly arrange in shells with an additional subshell close to the center (dashed line). (c) Radial distribution
of grains with respect to their z-position. The shells shown in (b) are seen at all vertical positions.

However, in vertical direction a pronounced chain formation is observed (Fig. 4(a)), where neighboring chains are
either horizontally aligned or vertically shifted by half an inter-grain distance (Fig. 4(a)). Additional experiments
with two grains [28] and with normal mode analysis [54] at similar discharge conditions have demonstrated
that the chain formation is clearly caused by an attractive potential below each grain. The grain dynamics are
similar to those observed for two grains in the plasma sheath [24,27] where the supersonic ion flow produces a
strong ion focus region. However, for the experimental conditions described here supersonic ion flows are not
expected. Thus, the experiments suggest that an attractive ion focus region exists even at subsonic conditions.
This interpretation is supported by LR and PIC simulations [31,45] as well as the stability analysis of chains by
Piel [35]. In all approaches large grains as well as a collisionless situation are beneficial for chain formation. The
low neutral gas pressure results in a larger mean free path for ions and the larger grains result in a higher grain
charge, which in turn deflects more ions into the wake region. However, this alone is not sufficient to finally
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prove attractive forces for subsonic flows, but recent experiments by Arp et al. [34] report chain formation in the
plasma bulk region where the ion flow is definitely subsonic and Killer et al. [30] have shown that a weak ion
focus affects the structure of elongated Yukawa balls. Thus, there is strong evidence that ion focusing and wake
fields are relevant even in the subsonic regime.

6 Conclusion and Outlook

Ion flows change the interaction between dust grains significantly and introduce anisotropic order along the flow.
Both LR and PIC simulations show the formation of a highly anisotropic wake region downstream of grains. The
quantitative comparison revealed that the resulting wake calculated from both methods are in good agreement
for individual grains. Also, the strength of the resulting ion focus downstream of the grain agrees well for
PIC and LR calculations. To achieve a very good quantitative agreement an accurate charging model for the
dust grains is essential to provide the correct input parameter for LR. For two grains, we found that a simple
superposition of wake fields of individual grains is not fully reproduced by PIC simulations. However, for small
grains (a < Ap.) and adjusted grain charges (see sect. 4) the linear superposition of wake potentials is certainly
a reasonable approximation.

Experiments with two aligned grains and especially charge measurements with high precision have shown
that the charge of the downstream grain is significantly reduced if the grain is placed in the wake region of the
other grain. This important result is found to agree well with results from PIC simulations. The computed charge
reductions as a function of the relative grain position explain the static as well as the dynamic properties of a
confined system consisting of two grains in detail. In addition, the results clearly indicate, that the assumption
of a fixed charge for all grains in a dust cloud is questionable as soon as the cloud is exposed to a substantial ion
flow. Therefore, for simulations as well as the interpretation of experiments refined charging models are required
which are capable to predict the individual charges in systems with many grains.

Furthermore our LR and PIC results show in very good agreement, that even for subsonic flows, wake field
effects may play a role such as in the pre-sheath or even in the plasma bulk. Experiments on confined systems
show the competition of spherical order which is induced by the external confinement on the one hand and chain
formation under subsonic flow conditions on the other hand.

To conclude, further research is required to study the formation of wake fields and their influence on the static
and dynamic properties of larger dust clouds. Especially the subsonic regime, many-particle effects and the role
of grain confinement need to be investigated. A promising approach to tackle this multi-scale problem is the
dynamical screening approach [32], which allows to study the structural and dynamical consequences of the
wake field in large dusty plasma systems. Since wake fields also represent a source of free energy that can drive
instabilities [7], this aspect will have to be included in future explorations of phase transitions in continuation
of the investigations described in the companion paper Ref. [53]. Furthermore, the influence of magnetic fields
on the structure of wake fields is of fundamental importance. Thus, extending the study of dust dynamics in the
companion paper Ref. [55] into the large magnetic field regime opens a promising new direction of research.
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We propose and demonstrate a concept that mimics the magnetization of the heavy dust particles in a
complex plasma while leaving the properties of the light species practically unaffected. It makes use of the
frictional coupling between a complex plasma and the neutral gas, which allows us to transfer angular
momentum from a rotating gas column to a well-controlled rotation of the dust cloud. This induces a
Coriolis force that acts exactly as the Lorentz force in a magnetic field. Experimental normal mode
measurements for a small dust cluster with four particles show excellent agreement with theoretical

predictions for a magnetized plasma.

DOI: 10.1103/PhysRevLett.109.155003

Strongly coupled Coulomb systems have very unusual
properties including spontaneous spatial ordering and the
formation of liquids or even crystals. Coulomb crystals and
liquids, originally predicted by Wigner [1], were eventu-
ally observed on the surface of helium droplets [2], in ion
traps [3], and in complex plasmas [4,5]. They are also
believed to occur in semiconductor quantum dots and
quantum wells [6], as well as in white dwarf and neutron
stars [7]. Of particular current interest is their behavior in a
magnetic field, where strongly modified oscillation spectra
[8-11] or anomalous diffusion properties [12] have been
predicted, and even applications to verify enhanced nuclear
reaction rates have been demonstrated [13]. Especially in
neutron stars [14], giant magnetic fields are present that
considerably modify the properties of the liquid and crystal
states in the outer layers and alter the whole evolution of
the star.

In a strongly coupled plasma (SCP), the Coulomb inter-
action energy of two particles, Q?/(4meya) [charge Q,
typical interparticle distance a], is much larger than their
thermal energy, kzT'. In a magnetized SCP the particles are,
in addition to the electrostatic interactions, subject to the
Lorentz force. The degree of magnetization can be mea-
sured by comparing the relevant time scales associated
with these two forces [15]: while the Coulomb interactions

lead to a characteristic vibration frequency [8] wg =

JO?/(4meyma’), the cyclotron frequency w, = QB/m
is the relevant parameter for the Lorentz force. For a given
magnetic field B and mass density of the plasma p,, = mn
(particle mass m, number density n), the ratio of the two
becomes w./w, = By/3€y/p,,. Estimates for various
strongly coupled astrophysical [7,14] and laboratory plas-
mas [13,16] are presented in Fig. 1.

Complex (dusty) plasmas [17] have, in recent years,
become a prototypical system to study strong correlation
effects in unmagnetized Coulomb systems. They contain
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highly charged, micrometer-sized particles embedded in a
partially ionized electron-ion plasma. Complex plasmas
are found in numerous space environments including in-
terstellar clouds, cometary tails, or planetary rings [18]. In
laboratory experiments, the large particle size and mass
make it possible to follow individual particle trajectories
with unprecedented spatial and temporal resolution
[19-21], providing valuable insight into strong coupling
phenomena. However, until now, it has not been possible to
extend this analysis to magnetized Coulomb systems. The
large particle mass (via large p,,) limits w./w, to values
below 0.1...0.5, even if superconducting magnets and
particles with submicron diameters are used [8,10], see
Fig. 1. Also, inevitably, such fields radically alter the
plasma conditions and may lead to filamentation [22].
Here, we propose a completely different approach
to achieve very strong magnetization effects that over-
comes all these limitations. It can be used with standard
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T T T

we/wo

neutron star
envelopes

cryogenic ions

complex plasmas (SC magnets)

white dwarfs (core)

rotating complex

plasmas

FIG. 1 (color online). Estimates of w./w, in various SCPs:
White dwarf stars [7] (p,, = 10° kgm™3, B < 10° T), neutron
stars [14] (p,, ~ 107...10" kgm™3, B =< 10" T), ions in
Penning traps [13,16] (n ~ 107...10% cm™3, fields of several
Tesla), and complex plasmas [8,10,11]. The method presented in
this Letter (rotating complex plasmas) covers a wide range of
magnetizations at room temperature.

© 2012 American Physical Society
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(micron-sized) particles, does not significantly alter the
plasma properties, and does not require expensive magnets
at all. The basic idea to effectively magnetize the complex
plasma is to impose the global motion of a rotating neutral
gas column on the dust particles, which can be achieved,
e.g., by a rotating electrode [23]. In the frame corotating
with the neutral gas, the Coriolis force takes over the role
of the Lorentz force and mimics the effect of a magnetic
field, while the centrifugal force renormalizes the confine-
ment. In all other aspects, the equations of motion are
equivalent to those in a gas at rest. Related methods, where
rotation is induced by different means, have been applied
in the context of cold quantum gases [24-27].

In the following, we first present the theory underlying
our concept and work out the scaling relations for the
plasma parameters in a two-dimensional harmonic trap.
We then perform a proof-of-principle experiment for the
normal modes of a small cluster and find excellent agree-
ment with the theoretical predictions.

In our model, the neutral gas is assumed to rotate as a
rigid body with a velocity profile u(r) = (Qé,) X r. Here,
é, denotes the unit vector in the z direction and () the
rotation frequency. Particle confinement is provided by a
harmonic trapping potential V(p, z) = 2 (w3 p* + w?z?),

where p = 4/x?> + y?. The equations of motion for the dust
particles then have the form (i = 1,..., N)

N
mi; = =V,;V(p;, z;) + ZF;T —vm[f; —u(r)] + fi.
iFi

Here, F i‘j“ = —V,é(p;; z;;) denotes the interaction force

lzij = zi — 2j, Pij =1[x12j + 71, ¢(p, 2) the associated po-
tential [28], » the dust-neutral friction coefficient, and f;(r)
the stochastic force. The latter has zero mean and the
correlation (ff“(t)ff(t’)) = 2mvkgT,8;;6“F (1t — 1),
where i, j €{1,..., N} and «a, B € {x, y, z}. The neutral
gas temperature is denoted by T,.

In a frame rotating around the z axis at the angular
velocity () of the neutral gas, the equations of motion
take a form that illustrates the influence of the gas flow.
Denoting the coordinates in the rotating frame with an
overbar, the relation between the laboratory frame and
the rotating frame reads r(r) = R(¢)7(¢), where R(z) is the
matrix for rotations around the z axis (see, e.g., Ref. [29]).
Replacing the coordinates leads to

N
mr; = =V;V(p;, Z;) + ZF?}t + Foo(ry) — vmr; + f,
J#i
where the effective confinement potential is now given by
V(p.2) = 5(0] — 0*)p* + 072].
The first observation is that, in the rotating frame, the

effective confinement frequency @; = /w3 — Q2 in
the direction perpendicular to the rotation axis is being

reduced as a consequence of the centrifugal force. Second,
the rotation induces the Coriolis force

F co.(F) = mr X (2Qe,),

which has the same form as the Lorentz force for a homo-
geneous magnetic field B = (2mQ/Q)é.. The doubled
rotation frequency can be identified with the cyclotron
frequency, w. = 20). The neutral gas flow velocity u(r)
no longer appears explicitly because the coordinate frame
rotates at the same angular velocity as the gas. While the
form of the interparticle forces remains unaffected, F 1‘]“ =
—V,¢(p; » Zij)» the components of the random force occur
in a mixed form, f,(1) = R”(r)f,(¢). However, its statisti-
cal properties are the same as in the laboratory frame; i.e., a
Gaussian white noise is retained, (f;(r)) =0, and
<]?,a(f)f}g(ﬂ)> = 2mvkgT,8,;6*P8(t — 1').

Let us now estimate the effective magnetic fields
|Bi| = 2mQ/Q that can be reached. With rotation fre-
quencies of ) = 10 Hz, a charge of |Q| = 10%*¢, and a
mass of m =~ 107!2 kg, one easily generates effective
magnetic fields exceeding 10* T, which is far beyond the
capabilities of superconducting magnets. At very high
rotation speeds, the centrifugal force weakens the horizon-
tal confinement [30], which may give rise to a deformed
plasma shape and a lower dust density. However, especially
in two-dimensional systems [31], the shape of the dust
monolayer will remain unaffected, and a lower density
could even be beneficial as it decreases w, thus allowing
one to reach even larger magnetizations 20}/ w,.

To illustrate these effects in more detail, we consider the
limit @, > w . This situation is typically encountered in
dusty plasma experiments in radiofrequency discharges,
where the particles are located in the sheath region above
the lower electrode. Their interaction is well described
by the Yukawa potential ¢(r) = (Q?/4meyr) exp(—r/A)
with the Debye screening length A. As a typical interpar-
ticle distance we choose a(Q) = [Q?/(4meyma?)]'/3,
which is equivalent to (up to a numerical factor) the ground
state distance of two trapped particles with Coulomb in-
teraction. The effective trap frequency @ ; then coincides

with the previous definition of w, = v/ Q?/(4meyma’) and
provides a natural frequency unit for particle vibrations.
Both the distance and time scales, a(Q)) and @7'(Q),
increase upon faster rotation. Since the electron and ion
time scales are orders of magnitude larger than the rotation
frequencies, the charge Q and the Debye length A (i.e., the
plasma properties) remain constant to high accuracy.

The problem is then governed by the following dimen-
sionless parameters: the coupling parameter I'(Q)) =
0%/(4meya(Q)kgT,), the screening parameter «({) =
a(Q)/A, the damping rate y(Q)) = v/@ (), and the
effective magnetization
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It is obvious that, already for a relatively slow rotation
with = w, /2, the plasma is strongly ‘“‘magnetized”
(2Q /@, = 1.15), see the left panel of Fig. 2. The associ-
ated changes (compared to the nonrotating system) of
the coupling and screening parameter are small. These
parameters scale as T'(Q)/T(0) = (1 — Q?/w?})'? and
k(Q)/Kk(0) = (1 — O?/w?)~'/3, respectively, and start
to change substantially when the centrifugal force notice-
ably increases the interparticle distance ()/w; = 0.7),
see the left panel of Fig. 2. In this regime, the decrease
of @, is largely responsible for the dramatic increase of
the magnetization parameter. We also show the dimension-
less damping rate, which scales as 7y(Q)/vy(0) =
(1 — Q%/w?%)""/2. This means that, in experiments, the
gas pressure should be sufficiently low allowing for a small
neutral gas friction coefficient v before start of the rotation.
The right panel of Fig. 2 shows I" and « as a function of the
effective magnetization in a parameter regime that should
be easily accessible in dusty plasma experiments, see
below [32].

In the following, we present a proof-of-principle experi-
ment to verify the efficiency of the proposed concept. A
sketch of the experimental setup is shown in Fig. 3. The
experiments were performed in a 13.56 MHz capacitively
coupled radiofrequency discharge at a gas pressure of p =
0.4 Pa (argon). Spherical PMMA particles with a diameter
of d = 21.8 um and a mass of m = 6.46 X 10~'? kg are
injected into the plasma, where they form two-dimensional
clusters. The upper electrode can be set into rotation with
frequencies up to 30 Hz, which causes a vertically sheared
rotational motion of the neutral gas column [23].

We concentrate on the dynamics of a small ensemble of
N = 4 particles and analyze their normal modes. The
normal modes of small two-dimensional clusters have

4 T T T T T
- rQ)/ro — 200
-8 3k K(Q)/k(0) === 3 F(O) =50 3
<
= Y(€Q)/7(0) e
; 21 QQ/QL IIIIII E Q/OJJ_ =0.98 — 3
R e e S -7
: i I
= 1 [Fo= -]
N e Y 0.5
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0 02 04 06 08 1 1 10
Q/wi 2Q/& )
FIG. 2 (color online). Left: Variation of the effective

magnetization, the coupling parameter, screening parameter,
and damping constant with the rotation frequency in a finite
two-dimensional system. Right: Scaling of I' and « as a function
of the effective magnetization 2Q)/@; for typical complex
plasma conditions.

already been studied experimentally [33], but for magne-
tized dusty plasmas only theoretical predictions exist [34].
We first consider the center-of-mass (sloshing) mode.
Since the effective confinement in the rotating frame is
harmonic, the center-of-mass coordinate 7., (f) is indepen-
dent of the interaction (Kohn theorem) and obeys the same
equation of motion as a single particle [35]. In the absence
of rotation, the two center-of-mass modes are degenerate
with 0., = w . For ) > 0, however, this degeneracy is

lifted, and the frequencies read w3, = {/(w./2)* + @} =

w./2=w; * Q. Here, ®; =40} — Qs the effective

trap frequency in the rotating frame. In Penning traps, these
frequencies are known as the reduced cyclotron and mag-
netron frequency. The experimental results obtained from
the spectrum of 7., (7) are depicted in Fig. 4 and show
remarkable agreement with the theoretical prediction.

It is crucial for our scheme to further verify the accuracy
of the remaining modes, which are sensitive to both
the magnetic field and interparticle correlations. By linear-
izing the equations of motion in the rotating frame, we

rotating electrode

plasma

dust

oo 0
cluster

ITO electrode

FIG. 3 (color online). Experimental setup: Dust particles are
confined in a layer approximately 1 cm above the driven elec-
trode. The electric field within the plasma sheath compensates
gravity and provides vertical confinement, while horizontal
confinement is realized by a cylindrical cavity of 20 mm in
diameter and 2 mm in depth. The particles are illuminated from
the side by a laser fan and can be observed from the bottom
through a transparent electrode coated with indium tin oxide
(ITO). The top electrode is rotatable.
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FIG. 4 (color online). Comparison of experiment and theory:
Frequencies of the seven nontrivial normal modes of N = 4 dust
particles as a function of the scaled rotation frequency. Symbols
denote experimental results (w | /27 = 2.52 s~ 1), lines are the
theoretical eigenfrequencies with «(0) = 0.7. The eigenvectors
in the unmagnetized limit [36] ({2 = 0) are sketched for four
particular modes. Note that the two modes (iii) are degenerate in
this case. The breathing mode and the two center-of-mass modes

are indicated by “br” and ‘“‘cm™,” respectively. The effective

magnetization 2Q) /@ | is shown on the upper axis [Eq. (1)].

determine the eigenfrequencies @ and eigenvectors v;
from (w?6;;6F — I-_If}ﬁ/m — 2iw95ije“ﬁz)vf =0, where
a, BE{x, yland i, j €E{1,..., N}, see Ref. [34]. Further,
H Z.B denotes the Hessian of the total potential energy in the
rotating frame, 8;; (§F) the Kronecker delta, and e*#< the
Levi-Civita symbol. The cluster configuration for N = 4 is
a square with particles located a distance R from the trap
center, which is calculated from Eq. (6) in Ref. [36]. Even
though a finite dust-neutral friction parameter is essential
to put the plasma into rotation, it is sufficiently low to be
negligible for the calculation of the eigenfrequencies
(v/w| = 1/50). To determine the mode frequencies
experimentally, we calculated the projection P(r) =
SN Fi(r) - v; of the particle trajectories 7;(r) on the

eigenvectors v; of the unmagnetized system, see Fig. 4.
The breathing mode corresponds to a radial expansion and
contraction of the cluster. The spectrum of P(¢) shows a
peak at the associated mode frequency, which can be
tracked as the rotation frequency is varied.

The measurements are compared with the theoretical
results in Fig. 4. As for the case of the sloshing modes,
we observe excellent agreement with the normal modes
of a magnetized plasma. Effective magnetizations
2Q)/@ | = 3 allow us to clearly verify the predicted split-
ting of the normal modes into the upper and lower
branch [34].

To summarize, we have presented a simple approach to
magnetize a complex plasma. The idea is based on the
correspondence between charged particles in a magnetic
field and particles in a rotating gas column. The possibility
to put the plasma into rotation takes advantage of the
dissipative nature of complex plasmas in which the neutral
gas acts as a highly effective transmission agent of angular
momentum. We demonstrated that, with very modest rota-
tion frequencies applied to only one electrode, strongly
correlated particles in a rotating dusty plasma reproduce, to
high accuracy, the normal modes of a magnetized system.
Evidently, our concept can also be realized by other means
and opens new unique possibilities for highly accurate
studies of strongly correlated and strongly magnetized
plasmas. The advantage compared to cryogenic ions is
the broad range of accessible plasma parameters that can
be varied independently (coupling strength, screening, dis-
sipation) and the availability of single-particle resolution at
room temperature conditions. It should be possible to
create SCP states with extreme magnetizations potentially
even comparable to those exotic ones in the outer layers of
neutron stars. While our technique does not require any
(superconducting) magnet at all, use of the latter in combi-
nation with plasma rotation allows one to create novel
types of plasmas. In such plasmas, there would be effec-
tively two magnetic fields that can be controlled indepen-
dently—one of which (the rotation) affects only the heavy
particles whereas the second (real) field influences the
electrons and ions, allowing for an effective control of
the interaction between the dust particles [37]. The combi-
nation of a rotating flow with a magnetic field also provides
a promising avenue to access magnetorotational instabil-
ities on the particle scale, which are relevant for the under-
standing of accretion disks [38].

This work was supported by the DFG via SFB TR6 and
SFB TR24.
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