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1. Introduction
Since about 90% of the (visible) universe exists in an ionized form [1], mainly due to the stars,
the plasma state is the most common state of matter in nature. When the plasma contains
solid particles on the nanometer scale and larger, they are referred to as dusty (or complex)
plasmas. These dust particles can form crystalline structures [2–6] and show wave phenomena
[7–11], for example. Dusty plasmas appear in astrophysical situations [12–14], e.g. in comets
which develop a dust and a plasma tail [15]. In fusion devices dusty plasmas are also a field of
interest [16–19]. There, dust can be formed by energetic plasma-surface interactions. Another
occurence is found in reactive gases in manufacturing processes that require a plasma operation,
see Ref. [20]. To get a deeper insight into the basic properties of, and processes in dusty plasmas
numerous studies under laboratory conditions have been performed as well as simulations and
theoretical work has been done [1, 3, 4, 6, 21–26].
In astrophysical situations it is known that dust particles may become positively charged
due to the photoelectric effect [27–30]. Land et al. [31] and Miloch et al. [32] performed PICsimulations on manipulating the dust charge in plasmas under typical laboratory conditions by
ultra-violet radiation and found a strong decrease of the dust charge. Here, we briefly discuss
experiments on a possible charge reduction.
However, the main topic of my thesis is about dusty plasmas embedded in external magnetic
fields. Magnetic fields play an important role in astrophysical situations and of course in
fusion devices. In general, the few research activities on dusty plasmas in magnetic fields span
a wide range of technically available magnetic field strengths from a few mT to several T.
Plasma conditions can be altered by a magnetic field due to the magnetization of the plasma
species. Thus, an impact of magnetic fields on dust particles is expected. Up to now, the
majority of research on a magnetic field influence on dust clusters deals with vertical (parallel
to gravity) magnetic fields [33–46]. Samsonov et al. [39] and Yaroshenko et al. [41] performed
experiments with paramagnetic particles in dusty plasmas, where also a vertical magnetic
field was applied. Simulations studying the effect of magnetic dipole-dipole interaction among
paramagnetic particles on the ground state of dust monolayers were performed by Feldmann
et al. [47] and Hartmann et al. [48]. There, the magnetic dipole-dipole interaction was of
comparable strength to the Yukawa interaction.
In contrast, Refs. [49–51] report on experiments on nanometer-sized dust particles that were
exposed to a horizontal magnetic field with a field strength of a few mT.
In our experimental conditions the dust particles are trapped in the plasma sheath region
and experience the strong vertical sheath electric field. The ions are accelerated by the sheath
electric field and can form regions of higher ion densities downstream of the dust particles,
which leads to an attractive ion focus force on dust particles in a lower layer. This electric field
is additionally superposed by an external transverse magnetic field.
There is a lack of experimental research concerning paramagnetic dust particles under the
influence of magnetic fields as well as the general role of horizontal magnetic fields on (nonmagnetic) dust particles in the plasma sheath. In this thesis monolayers consisting of paramagnetic particles will be investigated under the influence of an external magnetic field. The
magnetic dipole-dipole interaction between the paramagnetic dust particles was negligible in
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this case. Nevertheless, the behavior of paramagnetic dust particles in a plasma sheath with
weak magnetic fields will be analyzed. In the next parts we will investigate how the horizontal
magnetic field influences the forces acting on the (non-magnetic) dust particles. We will also
pay attention to pairs of particles that are vertically aligned due to the ion focus and study the
effect of horizontal magnetic fields on these systems.

6

2. Physical background
This chapter discusses the physical background which is necessary to illustrate the results of
this thesis. After a short introduction to dusty plasmas and capacitively coupled rf plasmas in
general, the main forces and interactions that are relevant for our conditions are explained in
more detail. A brief description on the measurement of the electrical charge of dust particles
is given. The photoelectric effect is also briefly discussed. After that, we will discuss the main
topic of this thesis, namely the influence of magnetic fields on dusty plasmas.

2.1. Dusty plasma
A plasma is an ionized gas consisting of electrons, ions, and neutral gas. A plasma obeys
collective behavior because of the long range electrical interaction. In the case of dusty plasmas,
also large solid particles, so-called dust particles, are present. These dust particles attain an
electrical charge due to the influx of electrons and ions from the plasma. The electrical charge
is a key property of those dust particles. It is jointly responsible for the formation of dusty
plasma crystals [2–6] or wave phenomena [7–11]. Under typical laboratory conditions the dust
particles attain a high negative charge. This is because the electrons have a much greater
mobility than the ions and thus, the dust particle is mainly charged by the inflow of electrons
in the beginning. As the dust potential is getting more and more negative the attraction of the
ions is getting stronger. After a few microseconds electron and ion flux to the particle are in
equlibrium and the dust particle attains its final equlibrium charge. Theoretically, the charging
can be described by the widely used OML-model (orbital motion limit), which was originally
developed for probe theory, see Ref. [52]. As a rule of thumb one finds that the charge number
of the dust particles is approximately given by Zd = 1675 · rd, µm Te, eV for typical laboratory
conditions, see Ref. [26]. Here, the dust radius rd, µm in microns and the electron temperature
Te, eV in eV is used. A larger dust radius results in a larger charge number. A particle with
a size of a few microns typically carries a net charge of a few thousand elementary charges,
compare Refs. [9, 24, 53–55]. This charging theory has been extended to include ion-neutral
(charge-exchange) collisions for more accurately matching the experimental situation, see Refs.
[56, 57]. An experimental method to obtain the dust charges will be briefly described in Sec.
2.4.

2.2. Capacitively coupled radio frequency discharge
Since a lot of the afore mentioned and also our experiments on dusty plasmas are performed in
capacitively coupled radio frequency (rf) discharges, see e.g. Refs. [6, 34], this type of discharge
will be briefly discussed here. Capacitively coupled means that the plasma is ignited between
two electrodes. This is sketched in Fig. 2.1. There, an ac-voltage with a frequency of typically
13.56 MHz, or multiples of that, is applied. This is slow enough for the electrons to follow,
whereas the ions only see time-avered fields. The important heating mechanisms are ohmic
heating due to inelastic electron-neutral collisions and stochastic heating due to the energy gain

7

2. Physical background

Plasma

~
Urf
Figure 2.1.: Sketch of an asymmetric capacitively coupled radio frequency discharge.
of the electrons when colliding with the expanding sheath edge. For equally sized electrodes the
time-averaged sheath voltage is identical for both electrodes. But for an asymmetric electrode
configuration, i.e. the electrodes differ in area, a negative self bias develops at the smaller
electrode as a consequence of the conservation of currents. This self bias increases the (timeaveraged) sheath width and establishes a larger time-averaged net electric field in the sheath.
Often, the lower driven electrode is the smaller electrode, whereas the grounded chamber walls
act as the counter electrode. Due to the increased sheath voltage stronger electric fields can
be experienced by the charged dust particles. Since the dust plasma frequency is much smaller
than the radio frequency, the dust also only sees time-averaged sheath electric fields.

2.3. Relevant forces acting on the dust particles
In this section the main forces acting on micron-sized dust particles are discussed. Especially
the electric field force, the ion drag force, the neutral drag force and the radial trapping force
are of great importance for this work since they determine the horizontal dust cluster position
when the external horizontal magnetic field is applied.

Gravity
For micron-sized particles gravity becomes an omnipresent force and is simply given by
Fg = md g ,

(2.1)

where md is the dust mass and g is the gravitational acceleration. For micron-sized dust
particles the masses are in the range of md ∼ 10−14 ...10−12 kg.

Electric field force
Since the dust particles are very heavy compared to the other plasma species they drop down
into the sheath region after immersion into the plasma. There, the sheath electric field is large
enough to levitate the highly charged dust against the force of gravity. The electric field force
is just
FE = Qd E ,
(2.2)
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with the dust charge Qd and the electric field strength E. In the framework of this thesis we
will also encounter horizontal electric fields as a consequence of the external magnetic field.

Ion drag force
The ion wind force or ion drag force is a force that arises from a relative motion between the
dust and the ions. It is composed of two parts: a collection force Fdir and a Coulomb force
FCoul :
Fion = Fdir + FCoul .
(2.3)
The collection force is a direct momentum transfer due to ions that hit the surface of the
dust particles whereas the Coulomb part of the ion drag is an electrostatic interaction between
ion and dust. Throughout this thesis the expressions derived in Refs. [57–59] were used for
calculating the ion drag and will be briefly discussed here. The direct force is given by
2
Fdir = πrd2 mi ni vth,
i H(vi , φd )

(2.4)

and the Coulomb part by
FCoul =

32rd2 e2 φ2d ni
G(vi ) ln(Λ) .
2
mi vth,
i

(2.5)

Here, we have the radius of the dust particles rd , the ion mass mi , ion density ni , mean
thermal ion velocity vth, i , and the elementary charge e. The dust potential φd = Qd /(4π0 rd )
is obtained by treating the dust particle as a capacitor. H(vi , φd ) is a function of the ion
velocity vi and dust potential φd . G(vi ) is the general Chandrasekhar-function and ln(Λ) the
Coulomb-logarithm, both nonlinearly depending on the ion velocity [57, 59]. The expressions
for the ion drag force are rather complicated but still refer to the collisionless case. The shape of
the ion drag and its components is shown in Fig. 2.2. There, the forces on a dust particle with
a diameter of 12.26 µm with a charge of Qd = −11000e at an ion density of ni = 3 · 1014 m−3
are calculated as a function of the ion velocity. The more relevant part of the ion drag in this
work is the Coulomb force which dominates the regime where the ion drift velocity vi is smaller
than about 10 times the ion thermal ion velocity vth, i . For velocities larger than ten times the
thermal velocity, the direct momentum transfer is gaining importance and becomes the relevant
force at large ion velocities.

Neutral drag force
Another important force in the framework of this thesis is the neutral drag force. The dust
particles experience friction by the neutral gas when there is a relative velocity between dust
and neutral gas. The neutral drag force is given as (see Ref. [60])
4
Fn = δ πrd2 mn vth, n nn vn−d ,
3

(2.6)

where mn , vth, n , and nn are the mass, thermal velocity, and number density of the neutral gas.
The relative velocity is denoted by vn−d . The factor δ describes how the neutral gas atoms
are reflected at the surface of the dust and ranges from δ = 1 (for specular reflection) and
δ = 1.44 (for diffuse reflection). Experiments on dusty plasmas by Liu et al. [61] showed that
the expected value for δ lies between δ = 1.26 ± 0.13 and δ = 1.44 ± 0.19. Recent measurements
by Jung et al. [62] confirmed a value of δ = 1.44 ± 0.05. The neutral drag force is also used in
the form
Fn = md βvn−d ,
(2.7)
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Figure 2.2.: Ion drag force Fion as a function of the normalized ion velocity. The total ion drag
is the sum of the direct collision part Fdir and the Coulomb part FCoul .
with the Epstein friction coefficient
β=δ

p
8
.
π rd ρd vth,n

(2.8)

Here, p is the neutral gas pressure and ρd is the mass density of the dust particles.

Radiation pressure force
A widely used technique to manipulate dust clusters is to push them by the radiation pressure
of a focussed laser beam [63–67]. The force experienced by the dust particle can be written as
I
(2.9)
Flaser = γ πrd2 .
c
The coefficient γ takes the kind of interaction between the photons and the dust particle into
account. γ = 1 stands for a pure absorption and γ = 2 for a total reflection of the photons.
The intensity of the laser beam is denoted by I and c is the speed of light.

Radial trapping force
Radial confinement of the dust particles can be achieved by a shallow trough in the electrode
that leads to a bending of the equipotential lines. As a good approximation, the horizontal
confinement is described by a harmonic potential. The inwards directed radial trapping force
is then
Ftrap = md ω02 r ,
(2.10)
where r is the radial distance of the particle from the center of the trap and ω0 is a measure of
the horizontal trapping strength. Such an electrode design is well suited to trap two-dimensional
dust clusters. An example is given in Fig. 2.3, where a top view camera image is shown.

10
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Yukawa interaction
The Yukawa or Debye-Hückel potential is a screened Coulomb potential. A test charge polarizes
the ambient plasma and thus, the test charge is shielded by the plasma. The interaction energy
between the dust grains is given by
EY uk =

N
Q2d X
exp (−rij /λD )
.
4π0 i<j
rij

(2.11)

0 is the electrical permittivity of vacuum, rij is the distance between particles i and j, λD is
the Debye-length and N is the total number of dust particles. For our conditions the order of
magnitude for λD is a 100 microns and the total particle number N in our experiments is of
the order of 10.

Confinement of the dust particles
These monolayer dust crystals, as in Fig. 2.3, are characterized by a hexagonal structure, which
is the minimum energy configuration under the action of the repulsive Yukawa interaction
and the radial trapping force. Figure 2.4 gives an overview on the compilation of forces that

Figure 2.3.: Raw camera image of a two-dimensional dust cluster from the top view.
are required for the confinement of the dust particles. In the vertical direction gravity is
compensated by the electric field force in the sheath. The dust particles repel each other due
to the Yukawa-interaction but the slightly curved electrode yields a force to confine the dust
horizontally.
It is also possible to create three-dimensional spherical dust crystals, the so-called Yukawaballs. This can be achieved by using a glass box as a trapping tool rather than a curved
electrode and additionally applying a thermophoretic force to compensate for gravity, see Refs.
[6, 68].

Ion focus
In Sec. 2.3 the Yukawa interaction was introduced. It yields an repulsive electrical force between
the dust particles. Nevertheless, under certain circumstances, an attractive force between like

11
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Figure 2.4.: Sketch of the vertical and horizontal trapping of a monolayer dust cloud.
charged dust particles—the ion focus interaction—can be established and superposes with the
Yukawa-repulsion. The ion focus interaction, see Fig. 2.5, is an interaction between two
dust particles which is mediated by the ions. It provides a good example for a non-reciprocal
interaction. In many situations dust particles are trapped in the sheath region that is among

Figure 2.5.: Ion focus interaction of dust particles in the sheath region.
other things characterized by an ion flow from the bulk plasma to the electrode due to the
time-averaged net electric field in the sheath. The ions streaming past the dust particles are
scattered due to the Coulomb field of the charged dust, see Sec. 2.3. As a consequence, a region
of enhanced ion density forms downstream of the dust particles called “ion focus” or “ion wake
field” leading to an anisotropic dust particle interaction, see Refs. [69–77]. A dust particle,
that levitates in a deeper layer feels the attractive force of this positive space charge which
can overcome the Coulomb repulsion due to the upper particle. The two particles which are
located in different levitation heights are thus likely to form vertically aligned chains, see Refs.
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[63, 71, 77–84]. The upper particle is not attracted by the ion focus, because of the supersonic
streaming velocity of the ions and therefore it is a non-reciprocal interaction. So, Newton’s
third law actio = reactio apparently does not hold here since the particle chain system is an
open system because the ions are continuously pumping energy into the system. The strength
of the ion focus decreases with increasing neutral gas pressure because the collisionality of the
ions increases [63, 71].

2.4. Measurement of the dust particle charge
As already mentioned in Sec. 2.1, the charge of the dust particles is a key property. Knowledge
of the absolute charges is also essential for our calculations. Therefore, we will adress this
section to the experimental determination of the dust charge.
The method utilized in this work to obtain the dust charges is the normal mode analysis
(NMA), see Refs. [53, 85–87]. It is applicable to crystalline dust structures, i.e. the particles
only perform small oscillations around their equilibrium positions. A normal mode of a finite
system of particles is a pattern of motion where all parts of the systems oscillate harmonically
at the same frequency. In general, different normal modes oscillate at a different frequency. A
superposition of all possible normal modes yields the whole dynamics of the system.
To find the eigenvalues, i.e. the corresponding eigenfrequencies, normalized to the trapping strength ω0 , and the eigenvectors which are the patterns of motion, one has to solve the
eigenvalue problem for the dynamical matrix applied to the total potential energy of the dust
system. The total potential energy is the sum of the Yukawa-potential and the radial trapping
potential:
N
N
X
Q2d X
exp (−ri, j /λd ) 1
Epot =
ri2 .
(2.12)
+ md ω02
4π0 i<j
ri, j
2
i=1
Experimentally, the mode power spectrum is obtained from analyzing the thermal particle
motion. The theoretically calculated spectrum from Eq. 2.12 with the two unknowns ω0 and
λd are fitted to the 2N normal modes. From that, the dust charge is obtained as
s

Z=

2π0 md ω02 r03
,
e2

(2.13)

see Ref. [86]. Here, r0 is a measure of the equilibrium interparticle distance. This method
reaches an accuracy of a few hundred elementary charges when the total charge is of the order
of a few thousand elementary charges. This charge measurement yields a good agreement with
charging models including ion-neutral (charge-exchange) collisions. As the neutral gas pressure
increases (in the range of a few tens of Pa) the ion-neutral collision frequency increases. As a
consequence, the flux of ions to the dust particles increases and thus, the dust particles become
less negatively charged, compare Refs. [56, 57, 88–90]. This behavior is also found with Eq.
2.13, because the interparticle distance, which scales with r0 , decreases with increasing gas
pressure.

2.5. Photoelectric effect
The photoelectric effect is a phenomenom where electrons are released from a material by illumination with (ultra-violet) light. This effect was first observed by H. Hertz [27] and explained
by A. Einstein [28]. An electron can absorb an incident photon that has an energy of Eph = hf ,
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where h is Planck’s constant and f is the frequency of the light wave. The electron gains the
energy Eph and might leave the material when this energy gain is larger than the work function
W , i.e. the binding energy, of the material. The difference between these energies is the kinetic
energy of the free electron. Thus, the photoelectric effect is described by the following equation,
see also Ref. [91]:
1
me ve2 = hf − W .
(2.14)
2
Here, me is the electron mass and ve its velocity.

2.6. Influence of a magnetic field
In this section, first some general considerations about charged particles in electro-magnetic
fields are presented followed by a brief description on paramagnetic particles in magnetic fields.
Afterwards, some physics concerning our special experimental situation is discussed and an
outlook to our experimental observations is given.

Charged particles in electro-magnetic fields
Moving charged particles embedded into an electromagnetic field experience the Lorentz-force
~ + ~v × B),
~ with the particle charge q, electric field E,
~ particle velocity ~v , and the
F~L = q(E
~
magnetic field B. As a consequence of the Lorentz-force, charged particles are excited to gyrate
around the magnetic field lines with a frequency
ωc =

qB
.
m

(2.15)

Since the charge to mass ratio of the electrons is much larger than for the ions and especially
than for the dust particles we have the relation ωc, e  ωc, i  ωc, d , where the subscripts e,i,d
stand for electrons, ions, and dust, respectively. Due to the finite gas pressures in our experiments, collisions of the charged particles with the background gas also need to be considered
which results in a friction force F~F = −mν~v , where ν is the collision frequency. Now, we
~ = (−Ex , 0, Ez ) and a magnetic field B
~ = (0, By , 0), as it is the
consider an electric field E
case in our experiments, and analyze the equation of motion. The magnetic field By lies in
the horizontal plane. The electric field component Ez is the vertical sheath electric field and
~ × B-axis.
~
Ex is oriented along the E
In the stationary state, inertia can be neglected and the
equation of motion reduces to
~ + ~v × B)
~ − mν~v .
0 = q(E

(2.16)

From Eq. (2.16) the constant drift velocity perpendicular to the magnetic field is obtained as
vx =

−µ
1+

ωc2
ν2

Ex −

ωc2
ν2

1+

ωc2
ν2

Ez
B

(2.17)

The first term describes the drift due to the electric field in x-direction. Here, µ = q/mν is the
~ × B-drift
~
mobility [92]. The second term in Eq. (2.17) refers to the E
that develops due to
crossed electric and magnetic fields. The ions and dust particles much more frequently collide
with the neutral gas than the electrons. This leads to a rather low ratio of ωc /ν < 1 and thus,
diminishing the gyration and the velocity reduces to |vx | ≈ µEx , which is used for the ions in
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the ion drag force, where we will use an expression for the ion mobility found by Frost [93].
The ion mobility µ is a function of the neutral gas pressure p and the electric field strength E,
see also Ref. [94]:

 1
p0
E −2
µ = µ0
,
(2.18)
1+A
p
p
with (for argon) µ0 = 0.146 m2 V−1 s−1 , p0 = 133 Pa, A = 0.035 Pa m V−1 and p is the neutral
gas pressure. Under the present experimental conditions only the electrons are magnetized, i.e.
ωc /ν > 1. Hence, the electrons gyrate around the magnetic field lines and thus, perform the
~ × B-drift.
~
E
In this thesis we will try to identify how the magnetic field effects will affect the
dust.

Paramagnetic particles in magnetic fields
Consider an ensemble of magnetic dipoles, where every dipole is embedded into the magnetic
field of the other dipoles. Then the total magnetic interaction energy is given by
Edip

N
~ i~ri, j )(M
~ j ~ri, j )
~ iM
~j
3(M
µvac X
M
−
=
3
5
4π i<j
ri, j
ri, j

!

.

(2.19)

Here, µvac is the magnetic permeability of vacuum and Mi is the magnetic moment of particle
i. Since our particles are trapped in a plasma sheath, the magnetic interaction might be in
competition with the Yukawa interaction. However, for typical interparticle distances of a few
hundred microns and magnetic moments as given in Sec. 3.2 the relation Edip  EY uk holds. It
is thus justified to neglect the influence of a magnetic dipole-dipole interaction on the structure
of the dust particle systems.
When paramagnetic dust particles experience an inhomogeneous magnetic field, another force
due to the magnetic field gradient arises:
F∇B = M · ∇B .

(2.20)

This force pushes a paramagnetic particle towards the stronger magnetic field and has a significant effect in our experiments. Thesis article I (see Sec. 4.3 and article A.1) analyze this force
on paramagnetic particles in a plasma in more detail.

Influence of magnetic fields for our conditions
In contrast to other experiments, see Ref. [95], it is not our goal to magnetize the dust particles.
To magnetize the dust particles the key is to increase the ratio of B/rd because the ratios of
the size of the experiment to gyroradius and gyrofrequency to collision frequency are increased.
Dusty Plasmas in high magnetic fields up to a few T can be studied in several other institutions,
see Refs. [96–98]. The ratio B/rd is comparatively low for our conditions, so the dust species
cannot be magnetized. Nevertheless, the dust can be indirectly affected by the magnetic field.
References [99–102] figured out the influence of small horizontal magnetic fields of a few mT on
dust-free rf discharges. For example, by increasing the magnetic field strength, the maximum
excitation and plasma production is found to occur closer to the powered electrode [101, 102].
As a consequence, the width of the sheath decreases. The reason for that is the superposition
of the up and down motion of the electrons due to the radio freqency voltage and their gyration
around the magnetic field lines. The gyration around the magnetic field lines increases the
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effective path length to the electrode which leads to more collisions with the background gas
and thus, the plasma density distribution is shifted. Now, Since the dust particles are levitated
in the sheath and the sheath width decreases for increasing horizontal magnetic field strength
also the levitation height of the dust should decrease. This change in levitation height is indeed
observed in the experiment but a more interesting question adresses the complex horizontal
motion of the dust particles which has not been described in detail by other authors so far and
is the centerpiece of this thesis.
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3. Experimental setup
This chapter introduces the basic experimental setups for the UV and magnetic field experiments. A description of the dust particle properties is given in Sec. 3.2.

3.1. Basic setup
The basic experimental setup for all experimental data obtained for the magnetic field experiments presented in this thesis is sketched in Fig. 3.1. For all magnetic field experiments the
same plasma chamber was used but the magnetic field coils differ in size and thus in magnetic
field strength, compare thesis article I (Sec. A.1) with articles II and III (Secs. A.2 and A.3).
The manipulation laser also only appeared in thesis article III.
To perform the experiments, an argon rf plasma is ignited in a capacitively coupled discharge
chamber. An rf power of 6 W, which is equivalent to an rf voltage at the electrode of 215 V, was
applied at the lower electrode. The plasma chamber is made of aluminum and had dimensions
of about 13 cm in size. The vertical confinement of the dust particles is achieved by a balance
of gravity and electric field force in the sheath region of the lower electrode. Due to a shallow
trough with a central depression of about 0.2 cm in the circular (≈ 5 cm in diameter) electrode
also horizontal confinement is provided.
For diagnostic purposes the chamber is provided with windows at each side and on the top. To
track the motion of the dust particles an expanded laser beam (λ = 532 nm, green) illuminates
the dust and the scattered light is detected by video cameras. These cameras have frame rates
of up to 200 fps which is sufficiently high to record the dynamics of the dust systems. Then,
the particle positions are determined from the grayscale images. See Ref. [103] for a detailed
description of this procedure and a matlab version, that was used here, can be found at Ref.
[104]. The linking of positions of individual particles to trajectories is achieved by a nearest
neighbor search.
Two different current driven coil setups to produce the magnetic field have been used in
this thesis. In thesis article I two slim coils (Fig. 3.1(a)) with a diameter of about 30 cm
designed for a maximum electrical current of 2 A were set up in a Helmholtz arrangement, thus
producing a very homogeneous magnetic field in between the coils where the plasma chamber
is mounted. There, the maximum magnetic field strength in the center of the particle trap was
about 1.15 mT. This small coil system was conceived to generate horizontal magnetic fields
but it could easily be flipped to a vertical configuration, thus producing vertical magnetic fields
in the plasma. For the thesis articles II and III a much larger coils system was applied, see
Fig. 3.1(b). The outer diameter was about 35 cm and the length of one coil is roughly 39 cm.
Due to the large currents up to 170 A this larger coil system had to be water-cooled. The
Helmholtz-condition does not hold here, but the magnetic field strength goes up to 100 mT at
the position of the dust particles. So, effects that show up at larger magnetic field strengths
could be explored.
Fig. 3.2 shows the experimental setup for the UV experiments. The UV experiments were
performed in a somewhat larger discharge chamber which is apart from that similar to the
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Figure 3.1.: Basic experimental setup for the magnetic field experiments. In (a), the small
Helmholtz coil system, which was used in thesis article I, is shown. The larger coils in (b)
were used for the works in thesis articles II and III.
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Figure 3.2.: Experimental setup for the UV experiments.
chamber presented in Fig. 3.1 for the magnetic field experiments. At one side of the chamber
the window was made of silica to provide transmission for the UV light. The rf signal at the
electrode was superposed with a low frequent sinusoidal modulation of the order of 10 Hz by
a function generator to measure the vertical resonance of the dust as an indicator of the dust
charge. The modulation signal also triggered the camera to record images at certain points in
time. This was necessary for the experimental method of analysis, see Sec. 4.1.

3.2. Dust particles
Throughout this thesis only spherical dust particles were used to perform the experiments,
whereas the type and size of the particles were variable. All particles had a very narrow size
distribution and the diameters were chosen from 2.55 µm to 12.26 µm. Two types of particles
were used. On the one hand experiments with non-magnetic plastic particles made of melamine
formaldehyde (MF particles) [105] with a mass density of 1510 kg/m3 were carried out. These
particles are widely used in the dusty plasma community, e.g. because of their narrow size
distribution. Since the MF particles are known for mass and size changes during plasma
operation [106, 107], care has been taken that the duration of a single experiment with those
particles is as short as possible and that the particles experienced plasma conditions for a certain
time before starting the experiments so that the particle properties stay nearly constant while
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performing the experiments. For example, the dust charge scales with the dust size. On the
other hand also paramagnetic particles [105] were investigated under the action of a magnetic
field in a plasma. The paramagnetic particles are polysterene particles with nanoscale ironoxide clusters homogenously incorporated into the bulk material. To prevent the iron-oxide
from leaving the polymer matrix, the particles are coated with silane. The nanoscale ironoxide clusters are responsible for the paramagnetic behavior of these dust particles. These
dust particles have a saturation magnetic momemt per mass of roughly 20 Am2 kg−1 and a low
residual magnetism from 0.01 to 0.1 Am2 kg−1 .
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In this chapter the main results of my thesis are summarized. In Sec. 4.1 experiments on
the charge of dust particles when they are illuminated by an external source of UV light are
briefly described and discussed. Section 4.2 (thesis article A.1) deals with the behavior of
paramagnetic dust particles under the action of a very small magnetic field with B . 1.15 mT.
The differences to “normal” MF particle systems are clearly emphasized. For thesis articles A.2
and A.3 (Secs. 4.3 and 4.4) larger horizontal magnetic fields with B . 50 mT were applied to
(mainly) MF-particle systems. There, phenomena that arise under stronger magnetic fields are
~ × B-axis
~
studied. In thesis article A.2 the displacement of the monolayer dust clouds on the E
is studied. Finally, thesis article A.3 investigates the stability of vertically aligned particle pairs
in the presence of the magnetic field.

4.1. UV experiments
A few experiments on the charge of dust particles under external UV radiation were carried
out. The question was if it is possible to decrease the charge of the MF dust particles by means
of irradiation with an external source of UV light due to the photoelectric effect. Depending on
the particle material properties, the particles show a positive or negative electron affinity, e.g.
see Ref. [108], which has an influence on the binding energy of electrons that are responsible for
the charging of the dust. For our special conditions with the MF particles in a plasma the work
function is unknown. For the experiments, we used the UV spot lamp “Superlite SUV-DC”
from the manufacturer “Lumatec” containing a mercury lamp as the central part [109]. The
smallest transmitted wavelength by the light guide was about 280 nm. The 253.7 nm-line of
mercury could not pass. To determine whether the charge of the dust particles changed or not
under the action of the UV light the resonance technique was applied, see Ref. [23]. There, the
electrode voltage is modulated with a sinusoidal signal and thus the dust particles, which are
located in the sheath region, are electrically excited to oscillate vertically. From measuring the
amplitudes of the dust oscillation at different excitation frequencies the resonance frequency
ωr2 =

Ze2 (ni − n̄e )
md 0

(4.1)

is obtained. n̄e denotes the time averaged electron density in the plasma sheath region. A
change in the dust charge Z corresponds to a change in the resonance frequency ωr . Since a
different dust charge also means a different levitation height a change in the density difference
ni − n̄e cannot be ruled out. Here, a modified form of the resonance method, the phase-resolved
resonance method, as described in Ref. [106], was used for a better accuracy in determining
ωr .
Unfortunately, in these experiments a significant variation of the resonance frequency due to
the UV light was not found. Also, a decrease in levitation height due to a possible decrease of the
N
V −A
particle charge could not be detected. Although, on the one hand, U V −B,U
= O(100...1000),
Ne
i.e. the number of UV-A and UV-B photons per second hitting the dust (estimated from
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manufacturer’s data) by far overcomes the number of electrons per second that contribute to
particle charging (estimated from the OML-theory), a change in the dust charge could not be
determined. On the other hand, a decharging of the dust particle leads to an increased flux of
electrons that are recharging the dust particle. Also some extra ionization of the background
gas might play a role.

4.2. Paramagnetic dust particles - Article I
Using paramagnetic particles in dusty plasma experiments was poorly adressed by other authors, since only a few of such experiments have been performed so far, see for example Refs.
[39, 41]. There, an inhomogeneous and strong vertical magnetic field substantially increased
the levitation height of the dust particles. This part of my work describes the behavior of
paramagnetic dust particles in weak horizontal magnetic fields, so the magnetic field is perpendicular to the sheath electric field. The experimental setup is shown in Fig. 3.1(a). Those coils
have been set up in a Helmholtz-arrangement, thus producing a homogeneous magnetic field
in the central region between the coils. The maximum field strength in the center was about
1.15 mT.
First, we focus on studies on single dust particles in the discharge. It was observed that
the laser influences the particle arrangement (see below). Hence, to minimize laser disturbance
the laser operated in a pulsed mode. Fig. 4.1 shows the displacement of a 4 µm paramagnetic
dust particle on the magnetic field axis as a function of the magnetic field strength for the two
cases that the magnetic field is homogeneous and that an inhomogeneous magnetic field (only
one coil was driven) was applied. The neutral gas pressure was 10 Pa. For the homogeneous

Figure 4.1.: Displacement of a paramagnetic dust particle in an experiment with a single particle. The displacement parallel to the magnetic field for an homogeneous and inhomogeneous
field, respectively, is shown as a function of magnetic field strength.
magnetic field there are only small deviations from the center of the trap where the particle is
located without any external disturbance. When an inhomogeneous magnetic field is applied,
the paramagnetic dust particle is pushed towards the stronger magnetic field. This is a typical
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behavior for paramagnetic particles. In this situation the force due to the gradient of the
magnetic field (Eq. 2.20) is balanced by the radial trapping force (Eq. (2.10)), M ∇B = md ω02 y.
From a fit of this force balance to the experimental data the magnetic moment of the dust
particle can be extracted and is about M = 10−12 Am2 . This is a sensitive value since it is
larger than the residual magnetism and smaller than the saturation magnetic moment. Those
measurements were also performed with (non-magnetic) MF particles which did not excurse
along the magnetic field axis. From this kind of measurement it is clear that the paramagnetic
particles act as expected under the influence of a magnetic field.
Next, we discuss experiments on two-dimensional dust clouds (horizontal monolayers) with
paramagnetic particles and study the effect of a horizontal magnetic field as well as the laser
illumination on those dust systems. The main experimental findings are combined in Fig.
4.2 where the trajectories of the 9 µm dust particles in the horizontal plane are shown. The

a)

b)
B

Figure 4.2.: Trajectories of the dust particles of a monolayer system in the horizontal plane at
a gas pressure of p = 10 Pa. In (a) the magnetic field is B = 0 and in (b) the homogeneous
magnetic field has its maximum value of B = 1.15 mT.
illumination laser operated in continuous mode. In Fig. 4.2(a) the magnetic field is switched
off and the cluster is observed to be circular as expected from the radial confinement. But it
is also in a fluid state. In contrast, at this gas pressure of p = 10 Pa crystalline structures are
observed for MF particle systems. As we increase the magnetic field strength, e.g. to a value
of B = 1.15 mT as in Fig. 4.2(b), the kinetic temperature of the dust particles decreases. Now,
the cluster has a more ordered structure. Another important observation is the stretching of
the cluster along the magnetic field axis. The stretching is caused by a combined influence
of the magnetic field and the illumination laser. This was found when the illumination laser
operated in a pulsed mode rather than in a continuous mode. The dependence of the ellipticity,
which is the ratio of the major axis of the dust cluster to its minor axis, on the magnetic field
strength and illumination laser is shown in Fig. 4.3. When the magnetic field is switched off
and the laser is just starting to illuminate the cluster it is observed that the cluster shows a
hexagonally ordered crystalline structure as expected for gas pressures of about 10 Pa. Then,
due to the illumination laser, the cluster starts to melt, although the laser intensity is rather
low. If the magnetic field is switched on the cluster starts to stretch along the magnetic field
direction when also the laser is switched on. By switching off the laser the cluster returns to
its circular shape. In the inset of Fig. 4.3 the particle positions for the two cases that the
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Figure 4.3.: Ellipticity as a function of the magnetic field strength for the beginning of the
illumination (black circles) and after half a second of illumination. In the inset the mean
particle positions for the two cases “laser off” and “laser on” are shown.
laser illumation has just started (black circles) and that the particles are illuminated for half
a second (red open squares) are given. The blue dotted lines connect pairs of corresponding
particle positions. This kind of behavior is not observed for MF-particle system. Thus, a pure
plasma based effect is unlikely to be responsible. A definite explanation of these observations
cannot be given here, but a few things can be ruled out. For example, laser induced forces
like the rocket force [110] are unlikely to be responsible for the observations made because of
the low laser powers used here. Also magnetic or electric dipole forces can be ruled out. The
magnetic dipole-dipole interaction is too small compared to the Yukawa interaction to have
any significant effect, whereas unreasonably large electric dipole moments would be necessary
for an effect.

4.3. Horizontal monolayer dust clouds - Article II
Here, the larger magnetic field coils as shown in Fig. 3.1(b) were installed to perform experiments on monolayer dust clouds. Again, magnetic field and sheath electric field are orientated
perpendicular to each other. We already found an excursion of the dust clouds in the negative
~ × B-direction
~
E
under the influence of a relatively weak horizontal magnetic field in thesis
article A.1. This was in agreement with the experiments of Refs. [49–51]. Now, this transport
is studied in more detail. In Fig. 4.4 top view camera images of such an experiment at a gas
pressure of 4.5 Pa and a dust diameter of 12.26 µm are exemplarily shown. In the absence of a
magnetic field the dust cloud is located in the center of the trap, whereas it is pushed into the
~ × B-direction
~
negative E
at a field strength of B = 17 mT. For an even larger magnetic field
~ × B-direction.
~
of B = 26 mT the dust cloud is pushed back into the positive E
For different dust sizes and gas pressures (1 to 30 Pa) the displacement of the dust cloud on
~ × B-axis
~
the E
was measured as a function of the applied magnetic field strength. The magnetic
field strength had values up to B ≈ 50 mT. The results of this investigation are shown in Fig.
4.5. In Fig. 4.5(a) the results for small particles with a diameter of 2.55 µm are presented.
~ × B-direction
~
For all gas pressures the dust particles excurse further in the negative E
as the
magnetic field strength increases. Relatively weak magnetic fields of about 1 mT are necessary
to induce the dust particles to escape the horizontal confinement, indicated by the arrows.
These results are somewhat similar to those obtained in Refs. [49–51]. They used even smaller
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Figure 4.4.: Top view camera images for an experiment at 4.5 Pa. The dust diameter is
12.26 µm. The magnetic field strengths are B = 0 (a), 17 mT (b), and 26 mT (c),
respectively.

particles on the scale of ten nanometers that grew in-situ by means of reactive gases, but those
~ × B-direction
~
particles also moved into the negative E
under horizontal magnetic fields.
For the larger particles with diameters of 7.17 µm and 12.26 µm (Figs. 4.5(b) and 4.5(c))
as well as for the 9.87 µm paramagnetic particles the situation is different. Here, much larger
magnetic fields are required for the dust particles to leave the confinement. At larger gas
~ × B-direction.
~
pressures of 20 and 30Pa the particles also move into the negative E
At a low
pressure of 1 Pa the opposite happens, whereas at intermediate gas pressures (5 and 10 Pa) the
~ × B-direction
~
particles are pushed into the negative E
and at a certain magnetic field strength
~
~
the direction of movement turns into the positive E × B-direction.
The occurrance of the displacement can be understood from looking at the forces that are
generated by the magnetic field in the horizontal plane, see Fig. 4.6. To explain, why this
motion of the dust species occurs, our approach goes as follows: One has to consider that only
the electrons are magnetized. As already mentionend, the ions and especially the dust particles
are too heavy and collisional to become magnetized under these conditions. Then, under the
~ × B-drift
~
action of crossed (sheath) electric and magnetic fields the electrons perform the E
and an ambipolar electric field between the electrons and the collisional ions develops, compare
Fig. 4.6(a) and see Refs. [49–51]. This ambipolar electric field forces the negatively charged

25

4. Results

~ × B-axis
~
Figure 4.5.: Measured displacement of the dust clouds on the E
as a function of the
magnetic field. The results for the MF particles are shown, where the subfigures a), b),
and c) differ in the diameter of the dust particles, namely 2.55 µm, 7.17 µm, and 12.26 µm,
respectively.

26

4.3. Horizontal monolayer dust clouds - Article II
a)

b)
Plasma

Plasma
Ea

-

-

electrons -

-

-

+

Es xB
+

+
+
ions +

B

Ea

Es

Fion, Fn

EsxB

-

FE

B
Es

dust
sheath

sheath
electrode

electrode

Figure 4.6.: Schematic drawing of the situation in the plasma sheath. The crossed electric and
~ × B-drift
~
magnetic fields cause the electrons to perform the E
(Fig. 4.5(a)). This leads to
an ambipolar electric field force, ion and neutral gas drag (Fig. 4.5(b)) acting on the dust
particles determining their horizontal position.
~ × B-direction.
~
dust particles to move into the negative E
On the other hand, the ions are
~
~
accelerated into the positive E × B-direction when they experience the ambipolar electric field
~ × B-direction.
~
and thus an ion wind force onto the dust particles is excited in the positive E
Since the ions collide with the neutral gas also a neutral gas wind is excited that pushes the
~ × B-direction,
~
particles even further into the positive E
see Fig. 4.6(b). In contrast, the radial
trapping force always tries to bind the cluster to the central region of the electrode. All in all,
~ × B-axis
~
the horizontal cluster position on the E
is determined by a superposition of forces and
is a function of the ambipolar electric field:
x(Ea ) =

FE − Fion − Fn
md ω02

(4.2)

In the following, with the help of the force balance in Eq. (4.2) the horizontal cluster positions
are calculated for different dust sizes and gas pressures as a function of the ambipolar electric
field and then compared to the experimental data. First, for the large 12.26 µm particles
the individual forces and the resulting force as a function of the ambipolar electric field are
exemplarily shown in Fig. 4.7 for a gas pressure of 30Pa. Under these conditions, the ambipolar
electric field force has the most relevance, followed by the counteracting neutral gas drag. The
direct collision part of the ion drag force only has a minor influence on the force balance. In
~ × B-direction.
~
total, there is a net force in the negative E
Then, the calculated displacements
are presented in Fig. 4.8, where part (a) shows the results for the small (2.55 µm) particles and
(b) for the large (12.26 µm) particles. First, we take a closer look to the results for the small
particles. Relatively weak electric fields of a few hundred V/m are required to push the particles
~ × B-direction
~
far into the negative E
(x > 0). This holds for all gas pressures considered here.
The situation changes when the large dust particles are used. Now, there is a strong excursion
~ × B-direction
~
of the dust particles towards the positive E
for increasing ambipolar electric field
strength when the gas pressure is rather low (p = 1 Pa). This was also seen in the experiment.
However, for electric fields larger than about 400 V/m the direction of displacement changes to
the opposite. At intermediate gas pressures of 5 and 10 Pa a slight displacement towards the
~ × B-direction
~
negative E
is observed for weak electric fields and for larger fields the direction
changes. Considering large gas pressures of 20 and 30 Pa the calculation results show a clear
~ × B-direction
~
displacement into the negative E
as the electric field increases. The dust charges
necessary for the calculation were obtained from a normal mode analysis for the case without
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Figure 4.7.: Resulting force (black full line) and individual forces in the horizontal plane due
to the ambipolar electric field on a 12.26 µm particle at a gas pressure of p = 30Pa.
a magnetic field, see sec. 2.4 and Refs. [53, 85, 86]. The absolute charges (∼ 1000e) and the
nonlinear dependence of the dust charge on the size of the particles is in good agreement with
other works [53, 57, 111–115]. The ion densitiy enters the calculation as a free parameter, and
it is found that ion densities of the order of 1014 m−3 are necessary to obtain displacements x
that follow the trends of the experimental results. These ion densities are in good agreement
with expected values, see Ref. [116]. The different results for the particle displacement in the
low and high pressure case for the larger particles can be attributed to larger dust charges and
ion mobilities when the gas pressure is reduced. Considering the small particles with a diameter
of 2.55 µm, ion and neutral drag only play a minor role compared to the ambipolar electric field
force.
To conclude, the calculation results qualitatively agree with the measurements and the dis~ × B-axis
~
placement of the dust cloud on the E
can be understood from the force balance of
Eq. (4.2) as a function of the ambipolar electric field Ea . The functional relation, Ea = Ea (B),
connecting the ambipolar electric field and the magnetic field, is not known from the experiment.
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Figure 4.8.: Calculated displacements of the dust clouds as a function of the ambipolar electric
field strength for neutral gas pressures ranging from 1 to 30 Pa. In (a) the results for
the small particles with a diameter of 2.55 µm are given and in (b) for the large particles
(12.26 µm). Note the different scalings on the axes.
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4.4. Vertically aligned dust particles - Article III
In the previous article monolayer dust clouds in the presence of a horizontal magnetic field were
studied. There, it was found that the ion dynamics is important for the force balance on the
~ × B-axis,
~
E
when a horizontal magnetic field is applied. This article addresses the question, if
the magnetic field affects the ion focus interaction since the ion focus interaction is provided
by the ion dynamics. Here, dust systems consisting of only two particles were trapped. The
two dust particles have a different diameter, 10.2 µm and 12.26 µm, and are aligned vertically
due to the ion focus effect. Again, a horizontal magnetic field is applied and now the stability
of the vertically aligned dust pairs under the action of the magnetic field is studied. After
setting the neutral gas pressure to a value between 1 and 30 Pa the magnetic field strength was
increased. Then, two main observations were made which are described with the help of Fig.
4.9. In the absence of the magnetic field (Fig. 4.9(a)) the dust cluster is vertically aligned in

ExB
a)
B=0

b)
B=1.8mT

c)

x
B=2.4mT

x=4.1mm

x=0

Figure 4.9.: Compilation of side view camera images from an experiment at 30 Pa.
the center of the radial trap. When a small magnetic field is present, we first of all observed
~ × B-axis,
~
that the cluster position excurses on the E
see Fig. 4.9(b). This is the same behavior
as found and explained in thesis article II (Secs. 4.3 and A.2). Second, we measured a small
~ × B-axis)
~
horizontal separation between upper and lower particle (along the E
due to the action
of the magnetic field and the evoked forces. In Fig. 4.9(c) the alignment broke up due to a
slightly further increased magnetic field strength of just B = 2.4 mT. In this situation the lower
particle is no longer captured by the ion focus of the upper one. These measured separations
in dependence of the magnetic field and neutral gas pressure are shown in Fig. 4.10. At high
gas pressures (20 and 30 Pa) the separation linearly increases as the magnetic field strength
increases and reaches values up to about 40 µm. When the magnetic field strength is slightly
further increased the vertical alignment of the two particles is destroyed and the lower particle
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Figure 4.10.: Horizontal distance between upper and lower particle as a function of magnetic
field strength and neutral gas pressure.
is not captured by the ion focus of the upper particle anymore. This is indicated by the arrows
in Fig. 4.10. Magnetic fields of less than 5 mT are necessary to break up the alignment. For
lower gas pressures (1 and 10 Pa) the measured separations are much smaller than for higher
pressures and the alignment is stable in a greater range of magnetic field strength.
As a next step, we measured the strength of the ion focus by means of the laser manipulation
technique, see Refs. [63, 64, 67]. A narrow strong laser beam with a maximum power of 35 mW
hit the lower particle and pushed it sideways against the attractive force of the ion focus. By
increasing the laser power, the lower particle is eventually released from the attractive ion focus.
To convert a given laser power to a radiation pressure force onto a dust particle experiments on
an isolated dust particle were performed. That particle was continously pushed horizontally by
the laser beam and excursed from its original central position until a new equilibrium position
is reached. The new equilibrium is determined from the force due to the radiation pressure
balancing the trapping force. The data of one of these measurements is shown in Fig. 4.11
(blue crosses). There, the particle displacement x is plotted as a function of time. The equation
of motion for this situation is
Frad = md ẍ + md β ẋ + md ω02 x .

(4.3)

The solution of the above Eq. 4.3 is found to be


x(t) = K

λ1
λ1
+ 1 (− exp(λ1 t)) +
exp(λ2 t) + 1 ,
λ2 − λ1
λ2 − λ1




(4.4)

q

where K = Frad /md ω02 and λ1, 2 = −β/2 ± β 2 /4 − ω02 . This solution is then fitted to the
experimental data, see the green full line in Fig. 4.11. The radiation pressure force Frad , the
Epstein friction coefficient β and the trapping strength ω0 are obtained as fit parameters. For a
gas pressure of 30 Pa mean values of β = 26.1 s−1 and ω0 /2π = 1 s−1 were obtained, where β is
in good agreement with the Epstein theory (see Ref. [60]) and the result for ω0 is practically the
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Figure 4.11.: Horizontal displacement of the dust particle due to the radiation pressure of the
manipulation laser as a function of time. This measurement was performed with the large
12.26 µm-particle (the downstream particle in the vertical alignment) at a gas pressure of
p = 30 pa and 40% of the maximum laser power. The full line is a fit of Eq. 4.4.

same as obtained with the NMA. This kind of measurement was performed for different laser
powers, and hence, the relation between laser power and radiation pressure force is determined,
see Fig. 4.12.
To discuss the results of the laser manipulation experiments on the vertically aligned dust
particles we refer to Fig. 4.13 where the horizontal separation due to the manipulation laser
is plotted as a function of the radiation pressure force for 1 and 30 Pa. The filled data points
correspond to measurements without a magnetic field. As the force due to the radiation pressure increases the separation between upper and lower particle also increases until the laser
force overcomes the binding force of the ion focus and the vertical alignment breaks up, again
indicated by the arrows. It can be seen that the separation at a pressure of 30 Pa is larger than
at 1 Pa and also that less laser force is necessary for the break up. This is consistent with the
works of other authors that show a weakening of the attractive ion focus force as the pressure
increases [63, 71]. Now we compare the two data sets for the gas pressure of 30 Pa in Fig.
4.13. With a small magnetic field of about 0.3 mT (green open squares) even less laser power
is necessary for the break-up.
It is further shown that the force balance model (eq. (4.2)) is capable to explain the breaking
up of the vertical alignment. For that purpose we applied that force balance to upper and lower
particle individually and then calculated the horizontal separation between both particles as
a function of the ambipolar electric field, see the full lines in Fig. 4.14. At p = 1 Pa the
separation is very small for weak electric fields and starts to grow significantly at electric fields
larger than 300 V/m. But at those high electric fields the particle system is pushed back into
~ × B-direction
~
the negative E
in the calculation. This does not match the experimental findings
~ × B-direction
~
anymore where only an excursion in positive E
was found. So only weak electric
fields need to be considered here. At the larger gas pressure of p = 30 Pa the particles more
clearly separate under the action of the horizontal forces. Fig. 4.14 also shows the calculated
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Figure 4.12.: The force, which is experienced by a dust particle due to the radiation pressure
of the manipulation laser, is plotted as a function of the laser power. The laser power is
given as percent of the maximum laser power. The full line is a linear fit to the data.
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Figure 4.13.: Horizontal separation between upper and lower particle in dependence of the laser
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separation for the case that the total amount of charge of the lower particle is reduced (crosses).
This reduction is a consequence of the ion focus interaction, see Refs. [71, 75, 77, 117]. For our
calculations we chose a reduction to Z ∗ = 0.9Z for a gas pressure of p = 1 Pa and Z ∗ = 0.7Z
for p = 30 Pa. These values are based on measurements by Carstensen et al. [77] at low gas
pressures and simulations by Ikkurthi et al. [117] at high gas pressures. The charge reduction
of the downstream particle does not lead to a considerable change of the results for the low
pressure of p = 1 Pa because, here, the ambipolar electric field force and the Coulomb part of
the ion drag force, which are the dominant forces, reduce to approximately the same fraction
as the dust charge is reduced. A drastically changed result is obtained for the large pressure
of p = 30 Pa. Now, the dominant forces are the ambipolar electric field force and the neutral
gas drag, where the latter is independent of the dust charge. As a consequence, the neutral
gas drag gains a greater influence when the dust charge is reduced and the resulting force
~ × B-direction.
~
actually points into the positive E
The upper particle still wants to move into
the opposite direction. This leads to very large separations.
In summary, the breaking up of the vertical alignment at large gas pressures under the action
of a magnetic field can be explained by two effects: One reason is that an increase in pressure
reduces the strength of the ion focus due to the larger ion collisionality. The other reason is
due to an enlarged the horizontal force imbalance. The plasma generated forces induce a larger
horizontal separation between upper and lower particle, see Eq. 4.2.
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The main issue of this thesis was the investigation of dusty plasmas in magnetic fields. We made
use of paramagnetic as well as non-magnetic plastic particles in the micrometer range. The
particles were then trapped in the sheath region of an rf discharge. The plasma chamber was
surrounded by coils to apply a horizontal magnetic field with field strengths of up to B ≈ 50 mT
at the particles’ position.
First, experiments with paramagnetic dust particles in small magnetic fields (B . 1.15 mT)
were performed. These particle systems show a behavior that is in complete contrast to those
consisting of the standard MF particles. It was observed that the monolayer dust clusters with
the paramagnetic particles stretched along the magnetic field axis when both the illumination
laser and the magnetic field were switched on which might be caused by a more complicated
interaction between the paramagnetic dust particles on the one side and the laser illumination
and magnetic field on the other side. From single particle experiments it was found that the
dust particles indeed show a behavior as expected from paramagnetic particles, i.e. they move
towards the stronger magnetic field if an inhomogeneous magnetic field is applied.
Some additional experiments on the interaction of non-magnetic dust particles in a plasma
with UV irradiation were performed, but a significant decrease of dust charge due to a photoelectric effect was not detected.
These experiments with the weak magnetic field also showed a small excursion of the dust
~ × B-axis,
~
clouds on the E
where E is the sheath electric field. This transport was studied
in more detail in larger magnetic fields up to 50 mT. For that purpose the majority of the
experiments were performed with the non-magnetic MF particles. The dust cloud was found
~ × B-direction
~
to move either towards the positive or negative E
as a reaction to the magnetic
field. Whether the positive or negative direction was preferred depended on the magnetic field
strength, dust particle size, and neutral gas pressure. The forces that lead to this transport
are plasma-based forces induced by the magnetic field. The electrons become magnetized and,
~ × B-drift.
~
as a result, perform the E
The ions and the dust particles are not magnetized.
~ × B-axis
~
Then, these plasma-based forces on the E
are an ambipolar electric field force (acting
~
~
in negative E × B-direction), ion drag force, and neutral drag force (both acting in positive
~ × B-direction).
~
E
For larger dust particles the ion drag dominates over the ambipolar electric
~ × B-direction.
~
field force at low gas pressures, forcing a movement into the positive E
At large
gas pressures the direction of movement is reversed. There, the ambipolar electric field force is
dominating over the neutral gas drag. For small particles, the ambipolar electric field force is
~ × B-direction
~
always the strongest force, so the dust is pushed into the negative E
for all gas
pressures considered here.
Finally, vertically aligned dust particles due to the ion focus interaction have been studied to
determine the influence of horizontal magnetic fields on the stability of these pairs. By applying
~ × B-axis,
~
the magnetic field the vertically aligned dust particles move along the E
but they
~
~
also clearly develop a horizontal separation on the E × B-axis. This separation is attributed to
the fact that the resulting total horizontal forces differ for the upper and lower particle. In this
work it was shown that an increase in gas pressure enhances this force imbalance induced by
the magnetic field. Additionally, as known before, by increasing the gas pressure the strength

37

5. Summary and outlook

of the attractive ion focus force gets weaker. Thus, only a very weak magnetic field strength is
necessary to break up the vertical alignment at large gas pressures.
In summary, in the framework of this thesis it has been shown that horizontal magnetic
fields induce a complex motion on dust particles immersed in a plasma sheath. Thus, even
weak magnetic fields that only allow for the electrons to be magnetized play a very important
role for the dust species.
Although the plasma conditions and magnetic field strength may be different from other
situations, our obtained results might help to understand the dynamics of dust particles in
dusty plasma experiments with larger magnetic fields [96–98], in astrophysical situations, or
fusion devices. In those situations the ions can be magnetized and under certain conditions
even the dust particles could become magnetized, both having an impact on the individual
forces on the dust particles.
Last but not least, the measurement campaign at the MDPX (magnetized dusty plasma
experiment) device (Auburn University, Alabama, USA) under the supervision of Prof. Edward
Thomas should be mentioned. This campaign is tentatively scheduled for October, 2015, and
will be a complement to the studies on dusty plasmas in magnetic fields. Our plan is to study
vertically aligned dust particles under the influence of very strong vertical magnetic fields of a
few T.
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Abstract

Experimental studies on dusty plasmas containing systems of (super-)paramagnetic dust particles are presented. In our experiments, external (homogeneous as well as inhomogeneous) magnetic ﬁelds in the mT range are applied
to study the effect on single particles or few-particle systems that are trapped
inside the sheath region. The behavior of the paramagnetic dust particles is
considerably different than that of dielectric plastic particles, which are widely
used in dusty plasmas. It is revealed that especially non-magnetic contributions
play an important role in the interaction between superparamagnetic particles.
Keywords: dusty plasmas, paramagnetic particles, magnetic ﬁelds

1. Introduction

Nanometer-sized to micrometer-sized particles in dusty (complex) plasmas attain a high
negative charge by the collection of electrons and ions. Then, the electrostatic interaction can
typically be described by a screened Coulomb (Yukawa) interaction. In contrast, interactions
with magnetic ﬁelds have been much less explored for dusty plasmas. Electrostatically
interacting dust particles have been studied with respect to crystallization, charging or waves
(see [1–7]).
The presence of external magnetic ﬁelds is of importance for plasmas, not only in fusion
research. For example, magnetic ﬁelds are also used in magnetically enhanced reactive ion
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal
citation and DOI.
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etching reactors as well as in magnetron sputtering devices; see [8, 9]. Transverse magnetic
ﬁelds even in the mT range have been shown to inﬂuence plasma properties like, e.g., the
electron density. This is reported in, e.g., [8, 10, 11] for a wider range of magnetic ﬁeld strength
for neutral gas pressures comparable to ours. [8, 12] examined the structure of an rf discharge
under the inﬂuence of a transverse magnetic ﬁeld, showing that the maximum excitation and
plasma production occur closer to the powered electrode as the magnetic ﬁeld strength
increases. Hence, it is also interesting to study magnetic ﬁeld effects in dusty plasmas.
Normally, for colloidal plasmas, experiments are performed with dielectric plastic spheres
and a commonly used particle material is melamine formaldehyde (MF). In this work we
investigate two-dimensional dust clouds consisting of (super)paramagnetic particles under weak
external magnetic ﬁelds. Dusty plasma systems with paramagnetic particles have been studied
relatively rarely, so far. Samsonov et al [13] reported on the enhanced levitation of whole dust
clouds by an inhomogeneous magnetic ﬁeld with gradients of up to 5 T/m. The ground state
structure of two-dimensional particle layers with a magnetic dipole–dipole interaction between
the dust particles competing with the Yukawa interaction is described by simulations in
[14, 15]. Axial magnetic ﬁelds were applied to dusty plasmas with non-magnetic spheres in,
e.g., [16–19]. There it has been reported that dust clusters were set into rotation due to the
interaction of the magnetic ﬁeld with ions and neutrals. An E ⃗ × B ⃗ -induced ion ﬂow sets the
neutral gas into rotation, which in turn affects the dust particles.
In this work, dusty plasmas with paramagnetic particles are studied experimentally. An
external (homogeneous as well as inhomogeneous) magnetic ﬁeld in the mT regime is applied
horizontally and the inﬂuence on the particle system is studied. Comparative measurements
with MF particles were also performed. We will speciﬁcally also address non-magnetic
contributions to the particle interaction.
2. The experiment

Our experiments were performed in a capacitive argon rf discharge at neutral gas pressures of
the order of 1 to 10 Pa. The lower aluminum electrode is driven at 13.56 MHz. The discharge
vessel and the upper electrode (both also made of aluminum) are grounded. The particles are
trapped in the sheath of the discharge by a balance of gravitational and electric ﬁeld force. For
radial conﬁnement, the driven electrode is provided with a shallow trough. The total potential
energy of the dust cluster in the horizontal plane is then given by a combination of the radial
conﬁnement potential and the Yukawa interaction:

Epot =

(

)

N
Qd2 N exp − ri, j λD
1
md ω02∑ri2 +
.
∑
2
4π ϵ 0 i < j
rij
i=1

(1)

Here, md is the mass of a dust particle, ω0 is a measure of the trapping strength and ri is the radial
displacement from the center. Qd , ϵ0 , λD and rij are the electrical charge of the particles,
permittivity of vacuum, Debye length and interparticle distance of particles i and j, respectively.
The particles are illuminated with a laser and the scattered light is detected by fast video
cameras (frame rate: about 100 frames s−1) to track the particle motion. Experiments in this
work were performed with either 664 nm (red) or a 532 nm (green) laser illumination. If not
stated otherwise, the 532 nm laser was used to illuminate the particle clusters.
2
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Figure 1. Experimental setup in a top view.

The magnetic ﬁeld is produced by upright (Helmholtz) coils. Thus, in the volume where
the particles are captured, the magnetic ﬁeld lines are parallel to the electrode surface. In
ﬁgure 1 a schematic top view drawing is shown. To account for the inﬂuence of the orientation
of the magnetic ﬁeld, the magnetic ﬁeld coils could also easily be oriented parallel to the
electrodes, producing an axial ﬁeld. The coils are made of enameled copper wire and the
maximum current through the coils is 2 A. Hence, using both coils in a Helmholtz arrangement,
the maximum ﬁeld strength in the center is

BHH =

64 μ0 NI
≈ 1.15 mT
125 R

(2)

which was also veriﬁed using a gaussmeter. Here, μ0 is the magnetic permeability of vacuum,
N = 94 is the number of windings and I = 2 A is the electrical current through the coils. The
radius R of the coils is roughly 15 cm.
In order to perform investigations on particles in inhomogeneous ﬁelds, only one coil was
driven. The magnetic ﬁeld on the axis of symmetry for a single coil and at the location of the
particles at a distance of R 2 from the coil is then B1 = 0.57 mT and its gradient at the position
of the particles is

B1 =

6B1
= 4.6 mT/m,
5R

(3)

which agrees well with a measured value of 5.3 mT/m.
In our experiments we used paramagnetic spherical polystyrene particles with diameters of 4
and 9 μm which are paramagnetic due to homogeneously incorporated nanoscale iron oxide [20].
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These particles have a saturation magnetic moment per mass of approximately 20 A m2 kg−1,
and thus the maximum magnetization is of the order of Msat ≈ 1.5 × 10−12 A m2 for the 4 μm
particles and Msat ≈ 1.4 × 10−11 A m2 for the 9 μm particles. Because of their low residual
magnetism, in the range of Mr = 0.01 to 0.1 A m2 kg−1, they are nearly superparamagnetic. For
comparative measurements, dielectric, non-magnetic MF particles with a diameter of 12.26 μm
were also used.
3. Results and discussion

In this section, experiments with the paramagnetic particles are described and observations are
discussed. The experimental ﬁndings are compared to those obtained using standard MF
particles. We start with measurements on a single particle.
3.1. Single dust particles

In this section, experiments on only one particle trapped in the discharge are described and the
movement of this single paramagnetic dust particle in the presence of an externally applied
magnetic ﬁeld is studied. The gas pressure was 10 Pa, here. The illumination laser was not
driven continuously, but pulsed, and the particle positions were calculated from those images
where the laser was just turned on. After this illumination pulse the laser was switched off for
several seconds to guarantee non-disturbed dust particle motion at the next illumination ﬂash.
The reason for this practice will be given in section 3.3.
Figure 2 shows the dependence of the displacement of the 4 μm diameter particle
perpendicular (x-direction) and parallel (y-direction) to the magnetic ﬁeld on the ﬁeld strength
B. The particle motion is measured both for a homogeneous and for an inhomogeneous ﬁeld.
For clarity, the directions of B ⃗ , B ⃗ and E ⃗ × B ⃗ are also given in the ﬁgures. First, we consider
the movement perpendicular to the magnetic ﬁeld; see ﬁgure 2(a). The ﬁgure shows that the
dust particles are pushed in the −E ⃗ × B ⃗ direction, where E ⃗ is the vertical electric ﬁeld in the
plasma sheath. To explain this behavior we follow the idea of an ambipolar E ⃗ × B ⃗ -drift
presented in [21]. For our experimental parameters, only the electrons are magnetized; the ions
and dust particles are not. Since the electrons are able to execute the E ⃗ × B ⃗ -drift, a space charge
electric ﬁeld develops, between the drifting electrons and the heavier non-magnetized ions. The
non-magnetized and negatively charged dust particles embedded into this ambipolar electric
ﬁeld move towards the positive pole. Thus, they are drifting in the direction opposite to the
electron drift, namely in the direction of −E ⃗ × B ⃗ . A larger displacement at increasing magnetic
ﬁeld qualitatively agrees with [21]. As mentioned in section 2, a shallow trough was placed
onto the driven electrode; thus the dust particles could not escape horizontally, but settled into a
new equilibrium position. In this steady state the trapping force cancels the E ⃗ × B ⃗ ambipolar
force, which arises from the ambipolar ﬁeld and acts on the dust particles. Assuming a harmonic
horizontal conﬁnement, the force balance is

md ω02Δx = Qd Eamb.

(4)

Here, Δx is the displacement from the center perpendicular to the magnetic ﬁeld and
ω0 2π ≈ 1 s is the strength of the horizontal conﬁnement due to the trough, as computed from
4
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Figure 2. Displacement of a single superparamagnetic particle perpendicular (a) and

parallel (b) to the magnetic ﬁeld. Here, both homogeneous and inhomogeneous
magnetic ﬁelds have been applied. In (a) an ambipolar E ⃗ × B ⃗ -drift causes the dust
particle to move in the direction opposite to E ⃗ × B ⃗ . This is superposed by a movement
towards the stronger magnetic ﬁeld (b). The solid line in (b) is a ﬁt to equation (7).

the normal mode analysis; see section 3.4. Since the dust charge Qd ≈ 8500 elementary charges
is also known from the normal mode analysis, equation (4) yields an ambipolar electric ﬁeld of
the order of 10 V/m, which is a small horizontal disturbance of the sheath electric ﬁeld at the
particle position.
Next, we discuss the particle movement along the direction of the magnetic ﬁeld; see
ﬁgure 2(b). For the homogeneous ﬁeld it is seen that the particle is not displaced along the ﬁeld
direction, since B ≈ 0. By using just one of the coils, an inhomogeneous magnetic ﬁeld is
applied to the plasma. Now, a force due to the ﬁeld gradient pushes the particle towards the
stronger magnetic ﬁeld, i.e. towards the coil. So, in these experiments, we see a superposition of
the perpendicular motion in the −E ⃗ × B ⃗-direction and the parallel displacement due to the force

F⃗ B = M⃗ B1⃗ .

(5)

In equilibrium, Ftrap and FB are equal, which gives one the opportunity to calculate the
magnetic moment of the particles. First, the magnetic moment induced by the external ﬁeld B is
given by the Langevin equation
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Figure 3. Top view camera snapshots of two-dimensional paramagnetic dust particle

systems at a neutral gas pressure of 10 Pa. (a) Dust layer without external magnetic
ﬁeld, and (b) at maximum homogeneous magnetic ﬁeld (≈1.15 mT).

⎡
⎛ μB ⎞ kBT ⎤
⎥,
M = M0 ⎢ coth ⎜
⎟−
μB ⎦
⎝ kBT ⎠
⎣

(6)

where μ is the magnetic moment of a single nanoscale iron oxide cluster inside the particle
matrix, T is the iron oxide temperature and kB is Boltzmannʼs constant. Now, equations (3), (6)
and the force balance between Ftrap and FB yield

Δy =

⎛ μB1 ⎞ kBT ⎤
6M0 ⎡
⎢
⎥ B1.
coth
⎜
⎟−
μB1 ⎦
5md ω02R ⎣
⎝ kBT ⎠

(7)

From a ﬁt of the dependence of Δy on B1 (the solid line in ﬁgure 2(b)), the factor μ ( kBT ) is
obtained, and so the magnetic moment M can be calculated using equation (6). The magnetic
moment obtained for the dust particle is about M = 10−12 A m2. This is thus reasonable, because
Mr ≪ M ≪ Msat , i.e., the measured value does not exceed the given saturation value and also
exceeds the residual magnetism. It should be noted that even if the magnetic moments were
saturated, the forces arising from the magnetic dipole–dipole interaction would be small
compared to the Yukawa interaction; see the discussion in section 3.5.
3.2. Two-dimensional dust clouds

We now consider measurements on two-dimensional dust clouds of the superparamagnetic
particles. For comparison, the same measurements have been performed with the standard MF
particles (ﬁgures are not shown for MF). Without an external magnetic ﬁeld, the shape of the
dust cloud is circular, as expected from the radial conﬁnement; see ﬁgures 3(a) and 4(a). The
system is in a ﬂuid state, as is implied by the trajectories in ﬁgure 4(a). This is in contrast to the
case for MF particle systems, which are much more ordered at this neutral gas pressure of 10 Pa.
Now, the magnetic ﬁeld is switched on; see ﬁgures 3(b) and 4(b). It is seen that the dust
cluster is stretched along the direction of the magnetic ﬁeld. MF systems do not show any
signiﬁcant change under the inﬂuence of this magnetic ﬁeld. Hence, the stretching is not a
6
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Figure 4. Trajectories of the dust particles, (a) without magnetic ﬁeld and (b) with the

maximum homogeneous magnetic ﬁeld (1.15 mT) at a neutral gas pressure of 10 Pa.

Figure 5. Dependence of the ellipticity of the dust clouds on the applied magnetic ﬁeld.

plasma-related effect. We deﬁne the ellipticity as the ratio of major axis (along the ﬁeld) divided
by the minor axis (transverse to the ﬁeld); see ﬁgure 3(b). The behavior of the ellipticity with
increasing magnetic ﬁeld is plotted in ﬁgure 5 for two different neutral gas pressures. The
ellipticity becomes larger when the magnetic ﬁeld strength is increased. In this parameter
regime the ellipticity depends roughly linearly on the applied magnetic ﬁeld and, for the
maximum B-ﬁeld in this experiment, the enlargement in the magnetic ﬁeld direction is about
60% to 70% of its original dimension (for the case of p = 23 Pa, the ellipticity without a
magnetic ﬁeld is somewhat larger than unity due to the fact that at larger gas pressures the
neutral gas drag from the steady gas ﬂow affected the dust cloud.). This stretching of dust
clusters is also found in inhomogeneous magnetic ﬁelds, i.e. when only one coil was used. For
the Helmholtz arrangement (with two coils) the ﬁeld inhomogeneity is weaker by orders of
magnitude. So, the occurrence of this stretching does not depend on the grade of homogeneity
of the magnetic ﬁeld. Furthermore, if the magnetic dipole–dipole interaction were to be
comparable to Yukawa interaction, the structure of the two-dimensional dust cluster would be
expected to be different; see [14, 15]: depending on the relative orientation of the magnetic
56
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Figure 6. Dependence of the kinetic temperature of the paramagnetic and MF particles

on the magnetic ﬁeld strength.

moments, the magnetic dipole–dipole interaction is attractive or repulsive. This would lead to a
‘striped’ dust cloud, where particles form parallel chains that align along the magnetic ﬁeld.
Further, as the magnetic ﬁeld increases, particle motion becomes less violent; see
ﬁgure 4(b). It is found that the kinetic temperature of the dust particles rapidly decreases with
increasing ﬁeld until a saturation at a lower temperature is reached and then remains
approximately constant. In contrast, the temperature of the MF particles remains constant over
the whole parameter regime from 0 to 1.15 mT. An example measurement of the particle
temperature for p = 7.5 Pa (paramagnetic particles) and p = 3.8 Pa (MF particles) is shown in
ﬁgure 6. The decreased temperature also becomes noticeable in the trajectories; see ﬁgure 4(b).
At high ﬁeld, the particles mainly perform small-scale oscillations around their equilibrium
positions; the fast large-scale movement seen in the case without an applied magnetic ﬁeld (see
ﬁgure 4(a)) is gone. A lesser effect is observed at higher neutral gas pressures, explainable by
greater damping. There the temperatures without magnetic ﬁeld are smaller and so is the
temperature difference compared to the case of maximum magnetic ﬁeld. Note that in ﬁgure 6
even the MF particles have temperatures well above room temperature. While the particles are
cooled by the neutral gas, additional heating might occur due to randomly ﬂuctuating charge of
the particles and ﬂuctuating electric ﬁelds; see [22, 23] for details. At large magnetic ﬁelds, the
temperatures of the paramagnetic particles and MF particles are of the same order.
We also performed measurements with the coils arranged parallel to the electrode (axial
magnetic ﬁeld). There, the trend to lower temperatures with increasing magnetic ﬁeld could also
be seen but an increasing ellipticity of the dust cloud was absent. However, in this case, a
stretching along the magnetic ﬁeld direction was not expected due to the much larger forces in
the vertical direction (which are responsible for the two-dimensionality of the particle trap). But
again, a plasma-related effect could be excluded.
3.3. The influence of the illumination laser

In our experiments, we have observed that the dynamical and structural behavior of the dust
system changes strongly when the laser illumination is switched on. This behavior is illustrated
in ﬁgure 7, to allow study of the ellipticity. This experiment in ﬁgure 7(a) was performed with
the red laser at 664 nm and approximately 14 mW output power. The laser and magnetic ﬁeld
8
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Figure 7. Dependence of the ellipticity on the magnetic ﬁeld strength and laser light

power. In (b) the ellipticity is studied with higher resolution in the magnetic ﬁeld
strength. Note that parts (a) and (b) show different experiments. The inset of ﬁgure 7(a)
shows mean particle positions for the two cases ‘laser off’ and ‘laser on’.

directions were perpendicular to each other. The experiments in ﬁgure 7(b) were performed
with the green laser illumination at 28 mW. In both cases the gas pressure was 10 Pa. In ﬁgure 7
the ellipticity is plotted as a function of magnetic ﬁeld strength, this time, however, for the two
cases where the laser light is just turned on (black full circles) and where the cluster has already
been illuminated for half a second. One can see that the occurrence of the stretching depends on
both the magnetic ﬁeld strength and the existence of the laser illumination. Figure 7(b) gives a
more detailed view of the ellipticity at low magnetic ﬁelds. One can see from the video images
that the cluster is in a hexagonally ordered crystalline state and the ellipticity is close to unity at
the very beginning of the laser illumination. Due to the illumination, the particles gain a much
higher kinetic temperature and the cluster starts to lose its order when a low magnetic ﬁeld is
present. It is often clearly seen that some particles of the ensemble start a much faster movement
or rotation than the others when B = 0 and the laser is turned on. Then the whole cluster starts to
melt by Coulomb collisions in such a way that an ordered structure is not observed. This
happens on a time scale of ≲1 s. With somewhat larger external magnetic ﬁeld and ‘laser on’,
the particles mainly perform oscillations around their equilibrium positions and the cluster
keeps a relatively low temperature but stretches along the ﬁeld; compare ﬁgure 4. In conclusion,
we can say that the temperature of the dust cluster and the stretching along the magnetic ﬁeld
58
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Table 1. The dust particle charge as a function of the ﬁeld B remains essentially

constant.
B/mT
Z/-e

0

0.11

0.23

0.34

0.46

0.57

0.69

0.8

0.92

8500

8500

8500

8600

8600

8500

8500

8400

8200

axis are coactions of the illumination laser and magnetic ﬁeld. It is also found that the
occurrence of the stretching was unaffected by the direction of the laser beam, and an increase
in laser power means an increase in ellipticity. As mentioned before, MF particle systems do not
show this behavior. So, a pure plasma effect cannot be held responsible for this. By increasing
the number of particles (for a better statistic) forming a two-dimensional dust cloud, it could be
demonstrated that this stretching tends to be symmetric around the original center of mass
position. This means that on average, equal numbers of particles move in the ﬁeld direction as
well as opposite to the ﬁeld direction, yielding an ellipticity greater than unity. The total average
displacement from the center of mass position is essentially zero. For this, compare the inset of
ﬁgure 7(a). There, the particle positions corresponding to the case of maximum magnetic ﬁeld
are plotted and the dashed lines mark the displacements of each particle when the illumination
laser is switched on.
3.4. Charge measurement

In order to check whether changes in plasma density (amount and distribution) that might occur
due to the external magnetic ﬁeld affect the electrical charge of the dust particles, the normal
modes of the cluster were measured. In general, a normal mode of an oscillating ﬁnite system is
a pattern of motion where all parts of the system oscillate harmonically at the same frequency.
Every normal mode is characterized by its shape, i.e. distribution of amplitudes and directions
in the particle motion. The full dynamics of the system is contained in a superposition of all
normal modes. The normal modes are obtained as the solution of the eigenvalue problem of the
dynamical matrix A, which contains the second derivatives of the total potential energy (see
equation (1)). To obtain the normal modes from the experiment, the spectral power density of
the particle motion along the different modes is calculated from the particle trajectories [24].
The absolute values of the mode frequencies scale with the particle charge. Hence, from the
measured mode frequencies, the dust charge is extracted. To use this method we prepared our
dust cluster in such a way that the cluster did not melt or stretch under the inﬂuence of the
illumination laser and the magnetic ﬁeld. In order to do this, the laser pulses were made very
short and weak (pulse width = 0.01 s and output power = 2 mW at a repetition rate of 25 Hz).
This measurement was performed at a neutral gas pressure of 10 Pa and the 9 μm
superparamagnetic particles were used here. The particle charges are given in table 1 for
different ﬁeld strengths. The dust charge is found to be nearly constant in this regime of
magnetic ﬁeld strengths and hence charge variations cannot be held responsible for the
experimental ﬁndings described before in section 3.2. The values obtained, of a few thousand
elementary charges, are in good agreement with other experiments [24] and analytical models
including ion–neutral charge-exchange collisions [25].

10
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3.5. Discussion

It was shown that the stretching of the dust cluster occurred when both the magnetic ﬁeld and
the illumination laser were turned on. Giving an adequate explanation for the combined
inﬂuence of laser and magnetic ﬁeld is difﬁcult. At least some laser-induced mechanisms
disturbing the particles can be ruled out. The laser power density was low enough to ensure that
the radiation pressure is negligible. Nosenko et al reported a laser-induced rocket force on
microparticles to explain random-direction particle accelerations; see [26]. The authors argue
that the rocket force arises due to a local sputtering or evaporation of particle material at the
surface. But, in our experiment, we use laser power densities to illuminate the particles that are
at least seven orders of magnitude smaller than those of [26]. Hence, laser evaporation seems to
be unlikely, in our case, to explain the observed forces. Due to the low laser power,
photophoresis is also expected to have no signiﬁcant inﬂuence. A de-charging of the particles
due to photo-detachment which would lead to a weaker coupling is not expected. Due to the
vertical force balance, a reduced charge would lead to a decrease in levitation height which has
not been observed.
A stretching of the dust cloud could occur due to interaction of an electric dipole with the
charge of the other particles. Electric dipoles can result from inhomogeneous charge
distributions on the particles. These charge inhomogeneities might be supported by alignment
of the magnetic movement of the particles in the magnetic ﬁeld. The local magnetic ﬁeld
distribution around the particles might inﬂuence the electron ﬂow to the particle and hence
result in an inhomogeneous charge distribution. However, simple MD calculations show that
the electric dipole moments that are required for seeing the observed inﬂuence on the particle
structure have to be of the order of 10−19Asm . For a 5 μm radius particle (charge separation
10 μm), a dipole charge of about 105 elementary charges would be required, which is much too
large to be reasonable.
It was mentioned before that the magnetic dipole–dipole interaction is very weak
compared to the Yukawa interaction. For the case where two particles are arranged in a line
along their magnetic moments, the magnetic dipole–dipole interaction force has its largest
absolute value and can be written as
μ 6M2
Fmagn = − 0 4 .
(8)
4π rij
Using the values obtained (for the 9 μm particles) for the magnetic moment,
M = 7.7 × 10−12 A m −2 , and the interparticle distance, rij = 800 μm, yields a force that is
about four orders of magnitude smaller than the electrical force between the particles. Thus,
magnetic dipole–dipole interaction cannot lead to a structural change of the particle cluster.
Even if the particle magnetic moments were to be saturated (M = 1.4 × 10−11 A m2 ), the
magnetic force would still be smaller by a factor of ≈100. We should also comment on the
spinning of dust grains which also causes magnetic moments. The possible rotation frequencies
given in the literature are of the order of up to f = 106 Hz [27–30]. With the typical dust
charges, this leads to magnetic moments that are several orders of magnitude smaller than the
maximum magnetic moments reached in this work caused by an external B-ﬁeld. So, the spin
magnetization of dust particles is negligible.
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If plasma modiﬁcations induced by the external magnetic ﬁeld were to cause the observed
stretching and temperature decrease, the MF particles would also be inﬂuenced. But those are
found to be unaffected.
Such paramagnetic particles have also been widely used in (electrically conducting)
colloidal suspensions with magnetic ﬁelds; see e.g. [31]. Also there, only ﬂows perpendicular to
the magnetic ﬁeld are observed; however forces along a homogeneous ﬁeld have not been
described. This supports our interpretation that we have a more complicated interaction in our
dusty plasma experiments.
4. Summary

In this work, paramagnetic dust particles trapped in an argon rf discharge with a weak external
magnetic ﬁeld were studied. We have seen that these systems behave very differently as
compared to clusters consisting of MF particles. Differences from MF systems include e.g. the
stretching along the axis of the magnetic ﬁeld, and the large temperatures at B ≃ 0, as well as
the cooling down of the particle systems with increasing magnetic ﬁeld. It was shown that this
behavior is caused by a coaction of the magnetic ﬁeld and illumination laser. Turning on the
laser light caused an increase in cluster temperature and disorder, while an increase in magnetic
ﬁeld strength decreased the temperature again. Ellipticity of the dust clusters arose when both
the magnetic ﬁeld and the laser illumination were turned on. Both illumination lasers yielded
qualitatively the same experimental ﬁndings. From the normal mode analysis, we have seen that
the dust charge remains constant in this magnetic ﬁeld regime; thus it cannot contribute to this
behavior. Plasma effects can be ruled out from the comparison with MF particles.
The single-particle movement and the displacement of the whole cluster are well
understood and can be explained by a superposition of a B ⃗-force and the ambipolar
E ⃗ × B ⃗ -drift. The displacement perpendicular to the magnetic ﬁeld axis explained by the
ambipolar E ⃗ × B ⃗ -drift is a plasma effect.
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Experimental studies on the interaction of micron-sized dust particles in plasmas with external
magnetic fields are presented. The particles are levitated in the sheath region of an rf discharge by
gravity and electric field force under the presence of a horizontal magnetic field of up to 50 mT. It
~  B~ or in the opposite direction
is observed that the dust particles are pushed either in the E
depending on magnetic field strength, particle properties, and discharge conditions. This transport
behavior is described by a competition between horizontal ambipolar electric field force and ion
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904039]
and neutral drag. V

I. INTRODUCTION

Plasmas containing solid particles on the nano- and micrometer scale are referred to as dusty (or complex) plasmas.
Dusty plasmas with magnetic fields play an important role in
several domains of science and technology, e.g., in astrophysical situations,1 fusion devices,2,3 or reactive gases in
manufacturing processes requiring plasmas.4
To produce laboratory dusty plasmas often capacitively,
coupled radio-frequency (rf) discharges in the low pressure
regime are applied. The particles can either be produced in
situ by means of reactive plasmas or, as in our case, externally manufactured particles can be injected into the discharge. In the previous studies of plasmas without dust, it
has been shown that even relatively weak external transverse
(perpendicular to the sheath electric field) magnetic fields of
a few mT significantly influence the performance of capacitively coupled rf argon discharges in the low pressure regime, see, e.g., Refs. 5 and 6.
In experiments in dusty plasmas, vertical magnetic fields
acting onto the dust cluster have been studied.7–12 There, a
rotation of the dust cloud was observed. This was explained
~  B-induced
~
by an E
ion flow on the one hand and neutral
gas motion on the other hand. There, the considered electric
field E is the radial trapping electric field.
Less research has been done on transverse magnetic
fields acting on dust particles. Yang and Maemura et al.13,14
performed experiments in a dusty glow discharge plasma
and applied an external magnetic field of a few mT perpendicular to the discharge electric field. The size of the dust
particles in their experiments was of the order of 10 nm in diameter. They observed a dust motion into the negative
~  B-direction
~
E
which was explained by an ambipolar
~  B-drift
~
E
of the electrons, where E is the sheath electric
field, here. Then, an ambipolar electric field arises between
the magnetized electrons and the unmagnetized ions.
In our previous work, we have performed experiments
on paramagnetic dust particles in weak external magnetic
a)

puttscher@physik.uni-greifswald.de
melzer@physik.uni-greifswald.de

b)

1070-664X/2014/21(12)/123704/8/$30.00

fields and studied their behavior in comparison to standard
dielectric plastic particles.15 There also a slight displacement
~  B-direction
~
of the dust particles in the negative E
was
observed.
In our experimental work, micron-sized melamine-formaldehyde (MF) or paramagnetic particles were injected into
an argon rf-discharge forming a two-dimensional dust cloud,
and an external magnetic field of several mT field strength
perpendicular to the sheath electric field was applied. Here,
we study the effect of this external magnetic field on the
motion of the dust particles transverse to the magnetic field.
The dust particle displacement from the center transverse to
the magnetic and sheath electric field was investigated under
variation of magnetic field strength, particle size, and neutral
gas pressure for dielectric plastic particles and paramagnetic
particles.
II. EXPERIMENTAL SETUP

An argon rf plasma is ignited in a capacitive discharge
chamber. The lower electrode is driven at a frequency of
13.56 MHz. We have operated our measurements at a neutral
gas pressure ranging from 1 to 30 Pa. An rf power of
P ¼ 6 W was applied corresponding to an rf voltage of
Upp ¼ 215 V. All other walls and the cover plate are
grounded. The driven electrode and the other parts of the
chamber are made of aluminum. A schematic diagram of the
experimental setup is given in Fig. 1. Dust particles are
injected into the discharge and are levitated in the sheath
region of the lower driven electrode where gravity is compensated by the electric field force. Radial confinement is
provided by a shallow trough in the electrode which is
approximately 55 mm in diameter and 1.8 mm in depth in the
center. We have used paramagnetic particles on the one hand
and dielectric plastic spheres on the other hand. The paramagnetic particles (diameter: 9.87 lm) are polystyrene particles with incorporated nano-scale iron oxide clusters. The
plastic particles are made of MF with three different particles
sizes of 2.55, 7.17, and 12.26 lm in diameter. A laser sheet
illuminates the dust monolayer and the scattered light is
detected by two video cameras, a side view camera and a top
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FIG. 1. Sketch of the experimental setup in a top view and the coordinate
system applied in our measurements.

view camera. The top view camera records the position of
the dust cloud, whereas the side view camera was used to
verify that the trapped dust cloud is single-layered.
Two water-cooled coils produce a magnetic field in the
horizontal particle plane. The maximum current in the coils
is 170 A yielding a magnetic field strength of about 100 mT
in the discharge chamber as measured with a gaussmeter.
The field strengths used in this work are up to 50 mT.
In Fig. 1 also a sketch of the coordinate system utilized
here is given. Laser beam and magnetic field lines lie along
the y-axis. The sheath electric field Es is directed from the
~  B-direction
~
plasma towards the electrode, so the E
is the
negative x-direction.
III. RESULTS AND DISCUSSION

In this section, we investigate the effect of the external
horizontal magnetic field on the displacement of the dust
cloud along the x-axis (transverse to the magnetic field and
parallel to the electrode). After that the experimental findings
are analyzed by a force balance model.
A. Experimental observations

In Fig. 2, snapshots from the top view camera are shown
for a dust cluster (MF, 12.26 lm, 4.5 Pa) at magnetic field
strengths of B ¼ 0, 17, and 26 mT. It can be seen that the dust
cloud performs a complicated motion. The dust particles are
first moved sideways when the magnetic field is switched on
and then starts to return to the starting position at even larger
fields. Along the magnetic field, the particles do not move.
~  B-direction
~
The detailed path of the cloud in E
or opposite
strongly depends on the particle size and gas pressure.
Figs. 3 and 4 give an overview of the experimental
results. There, the displacement of the dust clusters from the
start at B ¼ 0 transverse to the magnetic field is shown as a
function of the external magnetic field strength for different
particle sizes and neutral gas pressures. The results for the
paramagnetic particles are shown in Fig. 3 and for the MF
particles in Fig. 4. The observed dust clouds usually contained several tens of particles and the x-coordinate given
here is the center-of-mass position of the dust cloud. In
Figure 4(a), the results for the small 2.55 lm-diameter particles show that in the whole pressure regime, the cluster is
~  B-direction
~
pushed into the negative E
when the magnetic

FIG. 2. Snapshots from the top view camera for a dust cluster with N ¼ 11
particles (MF, 12.26 lm) at p ¼ 4.5 Pa. In (a), the magnetic field is switched
off, B ¼ 0. In (b), B ¼ 17 mT and in (c), B ¼ 26 mT.

field strength is increased. When the magnetic field becomes
larger than roughly 1 mT, the particles even escape the radial
confinement in that direction which is indicated by the
arrows. As already mentioned, in principle, this behavior
was also found by Yang and Maemura et al.,13,14 but for
even smaller particles.
The situation for the larger particles (Fig. 3 as well as
Figs. 4(b) and 4(c)) is more complex and also substantially
larger magnetic fields are involved here. We will not specifically address every local minimum or maximum that occurs
in the cloud path but analyze the global trends. At a low pressure of 1 Pa, the clusters of the MF (7.17 lm), MF (12.26 lm),
and paramagnetic particles (9.87 lm) move towards the
~  B-direction
~
E
and finally leave the confinement at field

FIG. 3. Dust cluster displacement perpendicular to the external magnetic
field for the paramagnetic particles at different gas pressures.
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In our previous studies,15 we have found that the paramagnetic particles show a considerably different behavior
than the standard MF particles in magnetic field direction.
Here, the behavior transverse to the magnetic field at much
higher field strengths is studied. From a comparison of Figs.
3 and 4, it can be seen that the transverse displacement is
similar for paramagnetic and nonmagnetic particles.
The above described experiments were performed at an rf
power of P ¼ 6 W. For the large MF particles (12.26 lm), we
also measured the dust cloud displacement for a plasma power
of P ¼ 3 W yielding basically the same results. So at least for
small changes in plasma parameters due to rf power variation,
the resulting displacement is unaffected. By further decreasing
the rf power also the particle displacement begins to decrease,
i.e., the dust cloud moves back to its initial position where it
was at zero magnetic field. This and the similar observations
for the paramagnetic and nonmagnetic particles indicate that
the cluster displacement transverse to the magnetic field is not
because of a direct influence of the magnetic field on the dust
but on the other plasma components which in turn affect the
dust cloud. Overall, the experimental results show that it is
possible to control the position of the dust cloud in the trap on
~ B
~ axis. Since the absolute values and direction of the
the E
displacement depend on dust size, it is also possible to separate particles of different sizes horizontally.
B. Mechanism of dust particle transport

FIG. 4. Dust cluster displacement perpendicular to the external magnetic
field for different particle sizes and gas pressures. Here, the data for the MF
particles are shown. In (a), the particles with 2.55 lm in diameter were used,
7.17 lm in (b) and 12.26 lm in (c). Note the different axis scalings.

strengths of approximately 10 to 20 mT. For medium pressures (5 and 10 Pa) and low magnetic field, the particles first
~  B-direction.
~
move somewhat into the negative E
This
behavior is consistent with our previous findings.15 As the
field strength is further increased, the particles are pushed
~  B-direction,
~
back, move in the E
and finally leave the confinement in that direction. For the cases with the largest gas
pressures (20 and 30 Pa), as the magnetic field strength
increases, the dust particles move only towards the opposite
~  B-direction.
~
E
The slope is largest for weak magnetic fields
and experiences a sudden decrease at 5 mT, but the excursions keep increasing with magnetic field strength. So the dust
~  B~
particles leave the confinement in the negative E
direction.

To explain our observations, one has to consider the
effect of an external magnetic field on a plasma and we fol~  B-drift
~
low the idea of an ambipolar E
proposed in Refs.
13 and 14. Unless the collision rates are too high, charge carriers in a plasma gyrate around the magnetic field lines and
~  B-drift
~
can perform the E
(where E is the sheath electric
field). This holds for the electrons at our experimental conditions of a few Pascals neutral gas pressure and magnetic field
strength of the order of 10 mT. So the electrons can easily be
magnetized, but not the ions and especially not the even
~  B~
heavier dust particles. As the electrons drift in the E
direction and the ions remain uninfluenced, a horizontal
space charge electric field between the electrons and the collisional ions develops which was termed as the ambipolar
electric field Ea in Refs. 13 and 14. The ambipolar electric
~  B-direction
~
(–x-direction). As a
field Ea points in the E
consequence to this field, the other species, namely, the ions
and dust particles, start to move. Then, the ions drift into the
~  B-direction
~
E
and the dust particles, as they are negatively
~  B-direction.
~
charged, move towards the opposite E
Our experimental setup is suited for studying twodimensional dust clouds. In the horizontal plane, the total
potential energy of the particle ensemble is then given by a
superposition of the radial confinement and the Yukawainteraction


N
N
X
exp ri;j =kD
1
Q2d X
2
2
ri þ
: (1)
Epot ¼ md x0
4p0 i<j
2
rij
i¼1
With the mass of a dust particle md, x0 as a measure of the
trapping strength and ri is the radial displacement from the
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center. Qd ; 0 ; kD , and rij term the electrical charge of the
particles, permittivity of vacuum, Debye-length, and interparticle distance of particles i and j. In the following, we propose a model to describe the displacement of the cluster in
the shallow horizontal trap by means of ambipolar electric
field force, ion drag, and neutral drag. Here, we make use of
stronger magnetic fields and much larger particles yielding
a greater importance of ion and neutral drag than in Refs. 13
and 14. The ion drag in the horizontal plane originates from
the ambipolar electric field which accelerates the ions. Then,
on the one hand, the ions hit onto the dust particles and on
the other hand also may collide with the neutral gas. The
neutral gas gains momentum from the streaming ions and
eventually transfers it to the dust particles.11 Both, ion and
neutral drag force (Fion and Fn, respectively), act opposite to
~  B~
the ambipolar electric field force FE, namely, in the E
direction. Thus, the force balance along the x-axis reads as
follows:
0 ¼ FE  Fion  Fn  Ftrap ;

(2)

where Ftrap is the radial trapping force and determined by
Ftrap ¼ md x20 x;

(3)

with the dust cloud center-of-mass position x. So the cluster
position is computed via
x¼

FE  Fion  Fn
:
md x20

(4)

The directions of the magnetic and electric fields are
sketched in Fig. 5. Fig. 5(a) shows the separation of the electron and ion species leading to the ambipolar electric field
Ea. Due to Ea, an additional electrostatic force as well as ion
and neutral drag forces act on the dust particles, see
Fig. 5(b). To use Eq. (4) reasonable values of the dust
charges Qd ¼ Zde, where Zd is the dust charge number and
e is the elementary charge, and the trapping strength x0 are
necessary. These can be obtained from the dynamics of the
dust ensemble by the analysis of the normal mode frequencies, see Ref. 16. The values of Zd for the 2.55 lm and the
12.26 lm MF particles are indicated in Table I. For the
7.17 lm MF and the paramagnetic particles, values of about
Zd ¼ 4000 and Zd ¼ 9000 were obtained. Values for x0 lie in
the range between x0 ¼ 0:8 s1 and 1 s1 . The expressions
used for the various forces are standard17–21 and are compiled in the Appendix, for reference.
Since the ambipolar electric field is related to the
applied magnetic field (see below), we can now use Eq. (2)
to describe our measurements by means of the acting forces.

FIG. 5. In (a), the charge separation between electrons and ions due to the
transverse magnetic field is shown. This leads to the horizontal electric field
and the additional forces acting on dust particles given in (b). The electric
~  B-direction
~
and magnetic fields and the E
are marked in blue and the
forces in black.

~  B-direction.
~
and the total force thus points in opposite E
In contrast, for p ¼ 30 Pa, the resulting total force always
points towards the opposite direction. This matches the experimental results. Further, from Fig. 6, it can be seen that
only ambipolar electric field force and the Coulomb part of
the ion drag (see Eq. (A4)) need to be considered at a weak
neutral gas pressure of p ¼ 1 Pa. By increasing the gas pressure also neutral drag (A11) has to be taken into account.
The direct collision part of the ion drag (Eq. (A3)) only plays
a minor role in our parameter regime.
In Table I, the range of ion densities is given that is
required to find in the model a force in the direction of the
observations. For the 12.26 lm particles, the charge values
TABLE I. Results for the dust charges Zd and ion density ranges ni as a
function of particle size d and neutral gas pressure p.
d ¼ 2.55 lm

C. Model results

The total and individual forces on the large MF particles
(12.26 lm) resulting from our calculation are shown in Fig. 6
for low and high pressures. At a low pressure, the total force
~  B-direction
~
points in E
for weak and intermediate ambipolar electric fields of up to 600 V/m. For even larger ambipolar electric fields, the electric field force becomes dominant

d ¼ 12.26 lm

p (Pa)

Zd

ni ð10 m Þ

Zd

ni ð1014 m3 Þ

1
5
10
20
30

700
600
600
600
600

<2.3
<5.4
<5.9
<5.8
<5.2

11 000
9500
9100
9100
9100

>2.4
3.4…5.1
3.8…4.8
<3.5
<3.3

14

3
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FIG. 6. Individual forces on the dust particles in the horizontal plane. The
black curve marks the resulting total force. In (a), the forces for p ¼ 1 Pa are
shown and in (b) for p ¼ 30 Pa.

FIG. 7. Calculated dust cloud displacement as a function of the ambipolar
electric field. Results are shown for the particles with a diameter of 2.55 lm
in (a) and for the 12.26 lm particles in (b). Note the different scalings on the
axes.

have been derived by the normal mode analysis (NMA). For
the 2.55 lm particles, a charge value has been measured by
NMA for 30 Pa. At lower pressures, the dust cluster was too
fluid to apply the NMA. We then have corrected the charge
values for the collision influence. The charge number Zd
decreases with increasing gas pressures, which is due to the
enlarged inflow of ions caused by an increased ion-neutral
(charge-exchange) collision frequency.18,22 The absolute values and the nonlinear dependence of the dust charge on the
particle size agree well with other works.16,18,23–27 Overall,
the obtained magnitude of the ion densities at the particle
positions in the plasma sheath are in good agreement with
the values expected from low-pressure rf discharges.28 Also,
the maximum ion densities for the small particles are larger
than for the bigger particles. This is reasonable since the
larger particles levitate at a lower position above the electrode. Thus, Eq. (4) together with the measured dust charges
is capable to explain our experimental observations.
Now, we consider Fig. 7, where the calculated particle
displacements perpendicular to the applied magnetic field are
plotted for the 2:55 lm and 12:26 lm MF particles. As in the
experiment, the small 2:55 lm-particles are pushed into the
~  B-direction.
~
negative E
In the experiment, only a very
weak magnetic field strength was necessary to push the particles out of the trap, and in the calculation the particle displacement is very large even at relatively low electric fields.
In the calculation, unreasonably large ion densities of the
order of 1015 m3 at the particle position in the sheath would

be required to force a significant movement into the opposite
direction. Thus, the application of the force balance (4) seems
to be warrantable. The situation for the large 12:26 lm-particles is different from those of the small particles. At higher
neutral gas pressures, the particles are also pushed into the
~  B-direction,
~
negative E
but at low pressure the particles
~  B-direction,
~
move toward the E
as in the experiment. In our
~  B-direction
~
model, there is a clear displacement in the E
at
relatively weak ambipolar electric fields for low pressures.
As the ambipolar electric field strength increases also
the ion velocity increases leading to a weakening of the
Coulomb force part of the ion drag. Thus, at large electric
fields, the electric field force dominates over the ion drag
(again, in this regime of considered ambipolar electric fields
and ion drift velocities, respectively).
Now we should ask, what is responsible for the difference between the low and high pressure case for the large
particles at weak electric fields, see also Fig. 6. First, the
Coulomb drag force is proportional to the square of the particle charge, FCoul / Zd2 , whereas the electric field force just
shows a linear dependence, FE / Zd . A variation in the
charge number Z can lead to qualitative changes in the calculated curves and for p ¼ 1 Pa the charge number Zd is larger
than for p ¼ 30 Pa. Second, a mobility argument should be
mentioned. The overall shape of the Coulomb drag force and
the slope at weak electric fields depend on the ion drift velocity or rather the ion mobility, see Eq. (A4). At a lower gas
pressure, the ion mobility is increased resulting in larger ion
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velocities and thus to a larger value of the screening length
ks and a lowering of the impact parameter for 90 collisions
b90. This in turn enlarges the absolute value and slope of the
Coulomb force part of the ion drag force. Thus, the Coulomb
drag force has a larger influence for lower pressures. At high
pressure, the neutral drag is very important but the electric
field force is still dominating. So the large particles are
~  B-direction
~
pushed into the E
for low pressures and to the
opposite direction for high pressures.
The next question concerns the different behavior of
large and small particles at low gas pressure. Here, again the
larger charge number for the larger particles compared to the
smaller ones plays an important role. This leads to displace~  B-direction
~
ment of the 12:26 lm-particles in E
at weak
electric fields due to the drag forces. However, at larger
ambipolar electric fields and thus larger ion velocities, the
ion drag force is again smaller than the electric field force.
It should be noted that in the experiment, the displacement is a function of the external magnetic field. Because the
relation between the ambipolar field and the magnetic field is
not measured with our force balance model, the ambipolar
electric field is the external parameter in our calculation. It
can be estimated from the calculations that the required
ambipolar electric fields are of the order of 100 V=m and
thus clearly smaller than the sheath electric field. Also, the
variation of the sheath thickness with magnetic field was
neglected here which would have an influence on the neutral
gas drag. Furthermore, the local minima and maxima that
occurred in the experimental curves are reproducible but are
not explained in this model.

direction. At intermediate gas pressures, it strongly depends
on particle size and magnetic field strength whether the par~  B~ or opposite direction.
ticles move towards the E
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APPENDIX: FORCES

Here, the forces in Eq. (4) are described in more detail.
The measured input parameters for the force balance Eq. (4)
were the particle charge from the normal mode analysis, the
sheath thickness, and the particle levitation height (see below
for the latter two parameters). The ratio of electron to ion
density at the particle levitation height was as an estimation
fixed at ne/ni ¼ 0.5, but as an adjustable parameter the ion
density remained.
The ambipolar electric field force FE is just the product
of dust charge Qd and ambipolar electric field Ea
FE ¼ Qd Ea :

The ion drag force is a sum of two parts, the direct collision force and the Coulomb collision force
Fion ¼ Fdir þ FCoul :

(A2)

For those forces, we use the expressions derived in Refs. 17,
19 and 29. The direct collision part of the ion drag force is
then given by
Fdir ¼ prd2 mi ni v2th; i Hðvi Þ:

IV. SUMMARY

In this work, we have performed measurements on
micron-sized dust particles in a plasma with an external horizontal magnetic field. A displacement of the whole dust
cloud has been observed transverse to the magnetic field.
Depending on the dust particle parameters, neutral gas pressure, and magnetic field strength, this displacement has been
~  B~ or in the negative
found to be oriented either in the E
~  B-direction,
~
E
where E is the sheath electric field. The
dust particles are indirectly affected by the magnetic field in
a way that they react on electrical and drag forces that arise
from the ambipolar electric field13,14 between the magnetized
electrons and the collisional ions. The considered drag forces
consist of an ion and a neutral gas contribution.11 We have
shown that external transverse magnetic fields of a few mT
have a significant influence on micron-sized dust particles in
rf plasmas although the dust component is by far not magnetized. At low neutral gas pressures, only ambipolar electric
field force and the Coulomb part of the ion drag need to be
considered. In this situation, the ion drag is larger (smaller)
than the ambipolar electric field force for the larger (smaller)
particles, forcing a displacement in the positive (negative)
~  B-direction.
~
E
For large pressures, also the neutral gas
drag becomes important, whereas the Coulomb part of the
ion drag is reduced due to a reduction of the ion mobility.
Nevertheless, the ambipolar electric field force is dominant
~  B~
and particles of all sizes move towards the negative E

(A1)

(A3)

Here, H is a function of the ion drift velocity vi and dust particle potential /d .17,19 The other quantities are the dust particle radius rd, ion mass mi, ion density ni, and the thermal ion
velocity vth; i . The Coulomb force is given by
FCoul ¼

32rd2 e2 /2d ni
Gðvi ÞlnðKÞ;
mi v2th; i

(A4)

with the general Chandrasekhar function G and the
Coulomb-logarithm lnðKÞ. The Coulomb logarithm is determined by (see Refs. 19 and 29)


b90 þ ks
ln K ¼ ln
;
(A5)
b90 þ rd
where the impact parameter for 90 collisions b90 and the
velocity dependent screening length ks are given by (see
Ref. 19)
b90 ¼

rd e/d
;
mi v2ef f ðvi Þ

(A6)

and
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
u
k2D;e
þ rd2 ;
ks ¼ u
u
t1 þ 2kB Te
mi vef f ðvi Þ

(A7)
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with the electron Debye-length kD; e , Boltzmann constant kB,
and electron temperature Te. Both b90 and ks are a function
of the ion drift velocity. For the evaluation of b90 and ks, an
effective ion velocity veff is used, as given in Ref. 19. The
ion streaming velocity vi in x-direction is approximated as
vi  l  Ea ;

(A8)

where the ion mobility l is a function
neutral gas pressure
pof
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p and the electric field strength E ¼ E2a þ E2s and is used in
the form (see Refs. 20 and 30)
l ¼ l0


 1
p0
E 2
1þA
;
p
p

(A9)

with (for argon) l0 ¼ 0:146 m2 V1 s1 ; p0 ¼ 133 Pa; A
¼ 0:035 Pa m V1 , and p is the neutral gas pressure. Es is
the sheath electric field and determined by the vertical
force balance. The particles levitate at a position in the
sheath where gravity is compensated by electric field force
and thus
Es ¼

md g
:
Qd

(A10)

The gravitational acceleration is denoted by g.
The neutral drag force is given as (see Ref. 21)
4
Fn ¼ d prd2 mn vth; n nn vnd :
3

(A11)

Here, d ¼ 1:35 is the Millikan coefficient.31 mn, vth; n , and nn
are the argon atom mass, thermal velocity, and gas density.
Further, vnd is the relative velocity between the neutral gas
atoms and the dust grains. The calculation of vnd was done
similar to Ref. 11. It was assumed that the ions flow in the
sheath (with sheath width s) and drive a gas motion in the
space between the electrode and lid (distance H ¼ 7 cm).
The counteracting force is a viscous damping force. As a
result, we get11
"

#
ni eEa z2
s
þs 1
z ;
(A12)
vnd ¼
g
2
2H
where vi in ¼ eEa =mi with the ion-neutral collision frequency in was used to clarify the dependence on the ambipolar electric field. g ¼ 22  106 Pa s is the viscosity of
argon gas at room temperature and low pressures.32 The particle position z was measured with the side view camera. The
position of the sheath edge was determined by measuring the
levitation height of very small MF-particles (1:03 lm in diameter), which are closely located at the sheath edge, at zero
magnetic field and different neutral gas pressures. These values of sheath edge position and levitation height are taken
for the whole magnetic field regime. In a more realistic
model, the sheath thickness should decrease with increasing
magnetic field strength, since due to the gyration of the electrons the axial mobility of the electrons is lowered and the
maximum plasma production occurs closer to the electrode,
e.g., see Ref. 5.
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Vertically aligned dust particles under the influence of crossed electric
and magnetic fields in the sheath of a radio frequency discharge
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We present experiments on two dust particles with a size of a few microns that are levitated in the
sheath region of an rf discharge in the presence of an external magnetic field transverse to the sheath
electric field. The two particles are vertically aligned due to the ion focusing effect. First, it is
~  B~ or in
observed that the magnetic field causes a displacement of the dust particles either in the E
the opposite direction. Second, at a sufficiently large neutral gas pressure, the vertical alignment
breaks up when the magnetic field strength is increased. The occurrence of this dissociation is
C 2015 AIP Publishing LLC.
described by the horizontal force balance on the two particles. V
[http://dx.doi.org/10.1063/1.4923382]

I. INTRODUCTION

Dusty (or complex) plasmas containing micron-sized
charged particles have been subject to various investigations.1–5 A relatively novel approach to dusty plasma research
is the investigation of a magnetic field influence.6–10
Laboratory experiments on dusty plasmas are often performed in capacitively coupled rf plasmas. The dust particles, typically spherical particles with a size of a few
micrometers, are then trapped in the lower sheath region
where the electric field force compensates gravity. There, the
particle interaction becomes anisotropic due to the streaming
ions in the sheath.11–13 Due to the time-averaged net electric
field in the sheath, the ions are accelerated from the bulk
plasma towards the electrode. The positively charged ions
are deflected by the strongly negatively charged dust particles, and as a consequence, regions of locally enhanced ion
densities are formed downstream of the dust, called ion
wakefield or ion focus. A second dust particle underneath the
upper one feels the attraction of the ion focus. However, the
interaction is non-reciprocal in that only the lower particle
feels the attraction by the ion focus, and there is no backaction on the upper (besides the mutual Coulomb repulsion).
The attractive ion focus force can overcome the Coulomb
repulsion between the dust particles, and thus, vertically
aligned dust chains can be formed, see Refs. 11 and 13–18.
Here, we now like to study the influence of magnetic
fields on the stability of vertically aligned pairs. Carstensen
et al.19 have measured the influence of a strong vertical
(axial) magnetic field of the order of B ¼ 1 T on such particle
pairs. They have reported on a decrease of the vertical interparticle forces for increasing magnetic field strength. This
agrees with the theoretical work of Salimullah et al., see Ref.
20. However, the role of horizontal magnetic fields applied
to vertically aligned dust particles is an open question. Here,
the stability of the vertical dust particle alignment is analyzed under different plasma conditions with varying
a)

puttscher@physik.uni-greifswald.de
b)
melzer@physik.uni-greifswald.de
1070-664X/2015/22(7)/073701/6/$30.00

magnetic field strength where the magnetic field is transverse
to the sheath electric field.
II. EXPERIMENTAL SETUP

The experiments have been performed in a parallel plate
rf discharge. Our capacitive discharge chamber is made of
aluminum. The lower electrode is driven at a radio frequency
of 13.56 MHz, whereas the chamber walls act as the counter
electrode and are grounded. An rf power of P ¼ 6 W, corresponding to a peak-to-peak voltage of 215 V, is applied to
ignite an argon plasma at neutral gas pressures ranging from
1 to 30 Pa. The experimental setup is shown in Fig. 1(a). The
plasma chamber is mounted between two coils that produce
a magnetic field with a maximum field strength of 100 mT in
the center of the discharge. The direction of the magnetic
field is transverse to the sheath electric field of the driven
electrode, see Fig. 1(b). For these experiments, plastic particles (melamin-formaldehyde) were used. The vertical trapping of the dust particles is provided by gravity, which is
balanced by the sheath electric field force. Horizontal confinement is attained by a shallow trough in the lower electrode. Experiments are then performed on two particles that
align vertically: An upper particle with a diameter of
10.2 lm and a lower one with 12.26 lm, both with a mass
density of 1510 kg/m3. The dust particles are illuminated
by an expanded laser beam with a wavelength of 532 nm,
and the scattered light is observed by video cameras. For performing the measurements, mainly the side view camera was
used. Opposite to the illumination laser, a second laser with
a wavelength of 664 nm and a maximum output power of 35
mW was used as a manipulation laser. The beam of the
manipulation laser was focused to a small spot so that a single dust particle could be pushed by the radiation pressure of
the manipulation beam.
III. RESULTS AND DISCUSSION

Here, vertically aligned dust particle pairs are studied.
First, the effect of the horizontal magnetic field on the stability of a vertically aligned dust pair is studied, and the
22, 073701-1

C 2015 AIP Publishing LLC
V
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FIG. 2. Inverted raw camera images from the experiment at 30 Pa are shown
here.

FIG. 1. (a) Scheme of the experimental setup and the coordinate system.
(b) Sketch of the experimental situation with the vertically aligned dust pair,
the ion focus, and electric and magnetic fields.

strength of the attractive ion focus is measured for our experimental conditions of a few Pascals neutral gas pressure.
Afterwards, the horizontal force balance is analyzed.
A. Influence of a horizontal magnetic field on vertically
aligned dust particle pairs

We investigate dust systems consisting of two particles
that are vertically aligned due to the wakefield of the upper
particle and study their behavior when an external horizontal
magnetic field is applied. A single 10.2 lm and a 12.26 lm
particle are dropped into the discharge. At low rf power, the
lower particle “jumps” into an aligned state underneath the
upper particle, compare.16 The rf power is then set to its
desired value of P ¼ 6 W, and the vertical alignment remains
conserved. In Fig. 2, camera images of a particle pair at
30 Pa are shown. The particles are clearly aligned and
located in the radial center of the trap at zero magnetic field
as seen with a top view camera. The alignment was also verified by the fact that the lower particle follows the horizontal
motion of the upper one. When the magnetic field strength is
increased to B ¼ 1.8 mT, the whole dust system moves along
~  B-direction.
~
the negative E
Such a sideways motion was
already observed for monolayer systems under similar conditions.21 More interestingly, a small horizontal displacement
between the upper and lower particle is observed. This distance increases when the magnetic field strength is increased.
By slightly further increasing the magnetic field strength to a
value of B ¼ 2.4 mT, the vertical alignment of the particle
pair breaks up and the particles are separated by a decisively

larger horizontal distance. Thus, the lower particle is no longer captured by the ion focus of the upper under these conditions. We repeated this experimental procedure for different
neutral gas pressures ranging from 1 to 30 Pa and measured
the horizontal displacement x from the center of the trap as
well as the horizontal distance Dx between the two particles.
The results of these measurements are shown in Figs. 3 and
4. In Fig. 3, the mean excursion of the dust particle pair from
the center of the trap is given as a function of the applied
magnetic field strength. For large gas pressures of 20 and
30 Pa, the dust particle pair is strongly pushed into the nega~  B-direction
~
tive E
when increasing the magnetic field
strength. Then, at relatively weak magnetic fields of B ⱗ
5 mT, the vertical alignment breaks up. The situation is different for lower gas pressures of 10 and 1 Pa. Here, the vertically aligned particle pairs can be explored in a much wider
range of magnetic field strength. At p ¼ 10 Pa, the particles
~  B-direction,
~
still slightly move along the negative E
whereas at an even lower pressure of p ¼ 1 Pa, the particles
~  B-direction.
~
are pushed into the positive E
Next, we take a
look at the corresponding horizontal interparticle distances

FIG. 3. Measured displacements of the vertically aligned dust pair from the
trap center as a function of the applied horizontal magnetic field for different
neutral gas pressures.
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FIG. 4. Horizontal separations between upper and lower particle as a function of the applied horizontal magnetic field for different neutral gas
pressures.

Dx in Fig. 4. A positive sign of Dx means that the lower par~  B-side
~
ticle is closer to the E
than the upper particle. The
direction of the sheath electric field and thus the direction
of the axis of the vertically aligned dust pair are assumed to
be normal to the slightly curved electrode surface.
Therefore, the horizontal interparticle distances Dx were
corrected for the curvature of the trap in order to calculate
the deviation from the normal axis. At low pressures of 1
and 10 Pa, we observed only small separations of 䉭x ⱗ 10
lm. This means, the particles stay vertically aligned over
the entire magnetic field range. At even higher magnetic
field strengths, the particles escape the horizontal confinement or vanish from the region detectable by the camera.
However, at the larger pressures (20 and 30 Pa), the vertical
particle pair shows a different behavior. The two particles
develop a relatively large horizontal interparticle distance
up to Dx  40 lm when the magnetic field strength is
increased to relatively weak values of B ⱗ 5 mT. A further
increase in B results in a sudden break-up of the vertical
alignment, indicated by the arrows in Fig. 4. This is in contrast to the measurements at lower gas pressures where the
vertical alignment is stable in a much wider range of the
magnetic field strength.

where md denotes the dust mass. Frad is the force due to the
radiation pressure, and the term md bx_ is the friction with the
background gas. Here, b is the Epstein friction coefficient.
Ftrap ¼ md x20 x is the radial trapping force with the displacement x, and x0 is a measure of the radial confinement
strength. From the solution of Eq. (1), the radiation pressure
force Frad, the Epstein coefficient b, and the horizontal confinement strength x0 can be obtained, which act as fit parameters. We repeated this experiment for different laser powers
to obtain the radiation pressure force Frad onto the dust particle as a function of the applied laser power, see Fig. 5. At
p ¼ 30 Pa, we obtain mean values of b ¼ 26.1 s1 and x0/
2p ¼ 1 s1. The value for b lies within the range predicted
for the Epstein coefficient24 (19–27 s1) and is in good
agreement with other experiments on the friction experienced by dust particles in plasmas.25 Also, the obtained horizontal confining strength x0/2p agrees well with the earlier
determination via a normal mode analysis of twodimensional dust clusters.21 The radiation pressure force of
the laser increases linearly with the laser power and reaches
the order of 1014 N.
Now, we investigate the stability of vertically aligned
particle pairs. In the following, the manipulation laser beam
was targeted at the lower particle of a vertically aligned dust
pair. The horizontal distance between the particles (Dx)
under the action of the manipulation laser is shown in Fig. 6
as a function of the applied laser force Frad for the gas pressures of p ¼ 1 Pa and p ¼ 30 Pa. As expected, the horizontal
displacement Dx increases as the laser force increases.
Relatively weak laser forces are necessary to significantly
separate lower particle and upper one at p ¼ 30 Pa. A force
of about 2.5  1014 N is required to break the alignment of
the pair. If a small magnetic field is present, even smaller
radiation pressure forces are required for the break-up. This
can be seen in Fig. 6 from comparing the two data sets for a
gas pressure of 30 Pa. The filled squares mark the case without magnetic field, and the open squares the case with a
small magnetic field of B ¼ 0.3 mT present. At p ¼ 1 Pa, the
horizontal distance Dx increases much less with laser power,
and a much larger laser power needs to be applied to break

B. Attractive ion focus force

For a quantitative comparison, we have measured the
force which is necessary to break up the vertical alignment
by means of a focused laser beam pushing the lower particle
due to the radiation pressure. The laser manipulation technique has already been applied successfully by other authors,
see Refs. 14, 22, and 23. If not stated otherwise, the measurements of this section were performed without magnetic field.
In a first step, only a single particle with a diameter of
12.26 lm (the lower particle in the particle pair experiments)
was trapped in the discharge. Then, this particle was pushed
by the manipulation laser beam, and the horizontal particle
position was tracked as a function of time. The equation of
motion for the particle movement reads as follows:
Frad ¼ md x€ þ md bx_ þ md x20 x ;

(1)

FIG. 5. Laser force Frad due to radiation pressure experienced by the dust
particle as a function of the applied laser power at p ¼ 30 Pa. The laser
power is given as percent of the maximum laser power of 35 mW. The full
line is a linear fit.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
141.53.32.170 On: Fri, 03 Jul 2015 07:34:20

76

A.3. Article III

073701-4

M. Puttscher and A. Melzer

Phys. Plasmas 22, 073701 (2015)

FIG. 6. Horizontal separation between upper and lower particle due to the
manipulation laser pushing the lower particle aside. The measured values
are shown for neutral gas pressures of 1 and 30 Pa.

up the vertical alignment. This clearly shows that the binding
force due to the ion focus is stronger for lower pressures,
consistent with Refs. 11 and 14. The horizontal Coulomb
repulsion and the trapping force are small at these small separations Dx. So, the attractive force from the ion focus is at
least about 2.5  1014 N for p ¼ 30 Pa and about 6  1014
N for p ¼ 1 Pa. This agrees well with the measurements of
Refs. 15 and 17.
C. Model results

To explain our experimental results, we apply the force
balance model developed for monolayer dust systems under
horizontal magnetic fields in Ref. 21. At these magnetic field
strengths of a few mT, only the electrons are magnetized,
whereas the ions and dust particles are not. Thus, the elec~  B-drift
~
trons perform the E
and an ambipolar electric field
~
~
Ea arises (in E  B-direction) between the electrons and the
collisional ions.26,27 Since the dust particles have a negative
charge, the electric field force FE due to the ambipolar elec~  B-direction.
~
On the
tric field Ea points in the negative E
other hand, the ions are accelerated by this ambipolar field
~  B-direction.
~
and drift in the E
From ion-neutral collisions,
~  B-direction
~
also a neutral gas wind in E
is excited. Then,
the displacement of a single dust particle from the center of
~  B-axis
~
the trap on the E
is determined from
xðE a Þ ¼

FE  Fion  Fn
;
md x20

(2)

with the horizontal ambipolar electric field Ea as the external
parameter instead of the magnetic field strength since the
functional relation Ea ¼ Ea(B) is not known from the experiments, see Ref. 21. Fion is the ion drag force due to the drifting ions, and Fn is the neutral drag force due to the gas wind
excited by the ions. With this model, we were able to explain
the motion of monolayer systems under the influence of a
magnetic field. Now, we will make use of the force balance
in Eq. (2) to investigate particle pairs for the two cases
p ¼ 1 Pa and p ¼ 30 Pa. As for the monolayer systems, an ion
density of ni ¼ 3  1014 m3 was used for the calculations.
The dust charges were determined from the normal mode

analysis of a monolayer system.21 The charges for both particles are given in Table I for the two gas pressure values of
1 and 30 Pa.
In Fig. 7, the calculation results for p ¼ 1 Pa and 30 Pa
are presented. In Figs. 7(a) and 7(b), the displacements x
from the center and in Figs. 7(c) and 7(d) the horizontal separations Dx between upper and lower particle calculated as
the difference in x(Ea) are shown as a function of the horizontal ambipolar electric field. Here, both particles are
treated independently. Those results are marked with the
black (solid) and the red (dashed) lines. At the low pressure
~  B-direction
~
(1 Pa), the particles move in the E
by increasing the ambipolar electric field strength. In contrast, for
~  B~
p ¼ 30 Pa, both particles are pushed in the negative E
direction. Thus, the calculations show the same trends as the
measurements. From the horizontal separations in Figs. 7(c)
and 7(d), it can be seen that for the low pressure, both particles follow practically the same curve over a wide range of
the electric field strength. Their separation Dx is smaller than
0.25 mm at Ea ¼ 300 V/m and Dx < 1.4 mm at Ea ¼ 400 V/m.
For p ¼ 30 Pa, upper and lower particle more clearly separate
horizontally even under the influence of a rather weak electric field. They have a separation of Dx ¼ 0.5 mm at
Ea ¼ 300 V/m, and their separation grows for increasing electric field strength. Thus, a larger horizontal distance between
the two particles at higher gas pressures is obtained from the
action of the different forces in Eq. (2) even when no ion
focus effect is included.
Next, we account for a consequence of the ion focus
interaction between the two particles. It is known that the
charge number of the downstream particle decreases as an
effect of the ion focus.11,13,28,29 Carstensen et al.13 measured
a charge reduction of 22% for the lower particle at a gas
pressure of 3.8 Pa, and Ikkurthi et al.29 computed a reduction
of up to roughly 45% at a gas pressure of 50 Pa. Based on
those works, we estimate a charge reduction of the lower
particle to Z* ¼ 0.9 Z at p ¼ 1 Pa and Z* ¼ 0.7 Z at 30 Pa.
Calculation results for these reduced charges are also presented in Fig. 7 (crosses), again for the 1 Pa and 30 Pa case,
respectively. The displacement x at 1 Pa is roughly the same
as without the charge reduction. Thus, there are no considerable changes in the horizontal particle separation Dx.
However, the results for the 30 Pa case have changed dramatically. Now, both particles are not just clearly separated. The
lower particle even changed the sign of its displacement,
~  B-direction
~
now moving into the positive E
when the electric field strength is increased. This leads to a significantly
larger separation Dx than without the reduction of the absolute dust charge. This can be explained as follows: The most
important forces defining the direction of movement in this
TABLE I. Results for the dust charge numbers Z for both particle sizes d
and different neutral gas pressures p.

p (Pa)
1
30

d ¼ 10.2 lm
Z

d ¼ 12.26 lm
Z

7800
6500

11 000
9100
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FIG. 7. Calculated displacements of
upper and lower particle from the radial center of the trap as a function of
the horizontal ambipolar electric field
strength for two different neutral gas
pressures of p ¼ 1 Pa (a) and 30 Pa (b).
In (c) and (d), the corresponding horizontal separations between both particles are shown. Note the different
scalings on the axes.

situation are the ambipolar electric field force and the opposing neutral gas drag. Ion wind forces only play a minor role,
here. The electric field force linearly depends on the dust
particle charge, whereas the neutral gas drag is independent
of it. Thus, a charge reduction leads to a greater influence of
the neutral gas drag. This is in contrast to the calculations at
1 Pa where the neutral gas drag can be neglected. There,
ambipolar electric field force and the Coulomb part of the
ion wind are the dominant forces. The Coulomb drag force is
a nonlinear function of the dust charge, but both forces
approximately reduce to the same fraction when the dust
charge is reduced. So, the displacements, x, and thus the separations, Dx, show the same trends as without charge reduction. As a consequence, the consideration of reduced charges
leads to a much larger force difference at higher pressures.

scaling of Fsep with Ea is similar to that of Dx with Ea (see Fig.
7(d)). At weak electric fields, i.e., at small Dx, the Coulomb
repulsion is the dominant force whereas at larger electric fields,
i.e., larger Dx, Fsep becomes stronger than FCoul. The attractive
force due to the ion focus is then the superposition of both
forces and has a maximum of about 1013 N. Hence, an attractive force from the ion focus of Fattr ¼ 1013 N would be
required to align both particles vertically. So, the required
attractive force definitely exceeds the measured strength of the
ion focus Fattr ¼ 2.5  1014 N. For the case with the reduced
charge, the necessary attractive force needs to be even larger.
At 1 Pa, the required attractive force Fattr is about 1013 N (no
charge reduction) and 8  1014 N (with charge reduction),
respectively. These values are close to the experimentally
obtained attractive forces of 6  1014 N.

D. Estimation of the attractive ion focus force from the
model

For a more quantitative comparison on the ion focus
strength, one could ask which additional force would be necessary to align the x(Ea)-curves of upper and lower particle.
The calculated separation Dx is equivalent to a force
Fsep ¼ md x20 Dx. We can then obtain the attractive force
which is necessary to align the particles vertically by the
sum of the plasma-based force Fsep and the repulsive horizontal Coulomb interaction between upper and lower
particle
Fattr ¼ md x20 Dx þ FCoul :

(3)

In Fig. 8, the separation force Fsep, the Coulomb repulsion
FCoul, and the resulting attractive ion focus force Fattr are
shown as a function of the ambipolar electric field for
p ¼ 30 Pa without charge reduction of the downstream particle.
The separation force Fsep scales linearly with Dx and thus the

FIG. 8. The separation force Fsep, which is necessary to align the x(Ea)curves of upper and lower particle, the Coulomb repulsion due to the horizontal separation, and the required attractive force for a vertical alignment
due to the ion focus as a function of the horizontal ambipolar electric field at
a gas pressure of p ¼ 30 Pa.

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
141.53.32.170 On: Fri, 03 Jul 2015 07:34:20

78

A.3. Article III

073701-6

M. Puttscher and A. Melzer

Phys. Plasmas 22, 073701 (2015)

To conclude, the break-up of the alignment at larger gas
pressures is caused by two supporting phenomenon: First, a
larger force imbalance between upper and lower particle
and, second, a weaker ion focus strength due to ion-neutral
collisions.
IV. SUMMARY

We have studied two vertically aligned dust particles
experimentally, where the upper particle had a diameter of
10.2 lm and the lower one 12.26 lm. These particles have
been levitated in the sheath of an rf discharge at pressures
from 1 to 30 Pa. The vertical alignment was due to an ion
focus. Here, a horizontal magnetic field of the order of a few
mT was applied. Under the action of the magnetic field, the
~  B~ or opposite direction,
dust pair moves towards the E
where the direction of movement depends on the magnetic
field strength and neutral gas pressure. This is coincident
with our previous findings in Ref. 21. The second main observation is a dissociation of the dust pair caused by the magnetic field. For gas pressures larger than 20 Pa, only a few
mT are needed to break up the vertical alignment. For lower
pressures, the alignment is stable in a significantly larger
range of magnetic field strengths. The strength of the attractive ion focus force was investigated for our conditions by
means of a manipulation laser and determined to be a few
1014 N. A model of the acting forces has been applied to
analyse the break-up of the alignment. At larger pressures,
the force balance yields a much larger horizontal separation
than for lower pressures. When—as an effect of the ion
focus—a reduced charge for the lower particle is assumed,
the separation at a large gas pressure is strongly increased.
Thus, the dust pair can easier be dissociated by an external
horizontal magnetic field when the gas pressure is increased.
Finally, it can be concluded that the higher stability of vertically aligned particle pairs at lower gas pressures is due to
two supporting facts. First, the ion focus is stronger at lower
pressures due to less ion scattering, and, second, the horizontal force imbalance between upper and lower particle under
magnetic fields is much smaller.
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