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Experiments on wake structures behind a microparticle in a magnetized

plasma flow

Hendrik Jung,"® Franko Greiner,' Alexander Piel," and Wojciech J. Miloch?
YIEAP, Christian-Albrechts-Universitit, D-24098 Kiel, Germany
2Department of Physics, University of Oslo, P.O. Box 1048, Blindern, 0317 Oslo, Norway

(Received 21 May 2018; accepted 21 June 2018; published online 10 July 2018)

The wake behind a spherical microparticle in a magnetized ion flow is studied experimentally by
analyzing the arrangement of a pair of particles. It is shown that there are two stable particle
arrangements at intermediate magnetic inductions, whereas only oblique (horizontal) particle
configurations are found at the highest magnetic field. Self-consistent collisional molecular dynam-
ics simulations of the particle system show that the underlying mechanism of these arrangements is
the weakening of attractive wake forces by the increasing magnetic field. Plasma instabilities pro-
vide a trigger for the onset of the transition between the two different arrangements. Furthermore,
the course of the transition is qualitatively explained by the charge variation of the downstream
particle in the wake of the upstream particle. In addition, a thorough analysis of the sheath by
means of particle-in-cell simulations in combination with particle resonance measurements yields
consistent values of the particle mass and charge, as well as the levitating electric field and ion flow
velocity. Published by AIP Publishing. https://doi.org/10.1063/1.5040838

I. INTRODUCTION

In laboratory complex plasmas, experiments with a small
number of microparticles are generally performed in the
plasma sheath. The strong sheath electric field that provides
the levitation of the particle also accelerates ions to supersonic
flows, and an ion wake is formed downstream of the parti-
cle.' In the unmagnetized case, a characteristic feature of
the wake is an accumulation of ions due to focusing of the ion
flow by the upstream particle. The associated wake electric
fields give rise to intricate interactions of microparticles:
While the interaction of two particles arranged perpendicu-
larly to the flow can be described by the common Yukawa
(Debye-Hiickel) potential,* the situation in which the particles
are aligned parallel to the flow is inhomogeneous and non-
linear. The enhanced ion density in the focus region provides
horizontal attractive forces on other microparticles>* and
leads to a reduction of the negative charge of a downstream
particle.> The present state of the understanding of wakes is
summarized in recent reviews.'®!!

In contrast to simulations®'>~'¢ where potential and den-
sity distributions can be analyzed directly, wake structures
can only be investigated experimentally by indirect methods,
e.g., by their influence on other microparticles. Typical
methods for the measurement of the spatial properties of the
plasma as Langmuir probe measurements are not applicable
here due to the size of these wake structures being smaller
than the Debye length. Spectroscopic methods like laser-
induced fluorescence (LIF) have been used to measure ion
wake effects around a 10 mm sphere in a plasma,'’ and the
spatial resolution needed for the investigation of a micropar-
ticle remains an unresolved challenge. Information on the
wake structure of a microparticle has been obtained by
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analyzing the charge of another particle inside this
wake”>'®1% or by measuring the wake-induced non-recipro-
cal particle interaction forces®>”>'®! by evaluating the
dynamical response of the particles to external excitations.

The coexistence of vertically aligned and horizontal
pairs of particles was demonstrated in Ref. 20. By analyzing
(the transitions between) these states and the underlying
instability mechanisms,m’22 information on the wake
charge®” and the spatial extent of the wake of the upstream
particle is gained,”** and the oscillatory modes can be char-
acterized by measuring the velocity correlation.”>*® By
pushing the downstream particle of a stable, vertically
aligned particle pair with a strong laser beam, the pair can be
brought into a meta-stable oblique arrangement, showing the
attractive character of the wake and providing information
on its spatial extent.*?’

The trajectory analysis of low-energy collisions between
two particles of different masses provides full 2d information
of the wake potential.”*?° Such investigations can be further
improved by taking the charge variation in the wake into
account: By means of plasma-inherent etching processes, the
mass of the downstream particle and, as a consequence, the
distance between two particles have been continuously
reduced. In this way, by measuring the charges and interac-
tion forces, full information on the longitudinal wake struc-
ture of a single particle in the plasma sheath was obtained.’

While there is a broad range of studies concerning these
wake structures in the unmagnetized case, there is a lack of
experimental observations for strongly magnetized systems.
Magnetic inductions of B> 0.5 T are of great interest since
this is the regime where the Lorentz force on the ions
becomes competitive with the other major forces in the sys-
tem, such as inertial force, coupling force, and damping
force. First experimental investigations>” and calculations in
the linear response (LR) approximation® ™ indicate the

Published by AIP Publishing.
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damping of the wake potential. Self-consistent particle-in-
cell (PIC) simulations®**> and molecular dynamics (MD)
simulations®®*” have shown the appearance of ion shadows
(regions of ion depletion) and the vanishing of the attractive
interaction forces at strong magnetic fields.

The aim of this paper is to investigate the modification
of the wake by strong magnetic fields. For this purpose, the
arrangement of a pair of microparticles in the plasma sheath
is analyzed at different states of plasma magnetization. We
focus on characteristic changes of the particle configuration
and relate them to the magnetic-field-induced modification
of the wake and the corresponding interparticle forces.

In Sec. II, we describe the experimental setup and char-
acterize the plasma and the microparticles used in the experi-
ment. The results of the experiments at magnetic fields are
presented in Sec. III. In Sec. IV, the experimental results are
discussed in the context of MD simulations. Conclusions are
given in Sec. V.

Il. STRONGLY MAGNETIZED PLASMA SHEATH
A. Experimental setup and plasma filamentation

A sketch of the setup is shown in Fig. 1. The experi-
ments are performed in a symmetric, capacitively coupled
radio-frequency (rf) discharge. Argon gas is used at a pres-
sure of p = 10Pa, and the 1f power is P ~5 W, typically. Our
test particles are hollow glass spheres (microballoons®®) with
outer radii of @ € [10, 12.5] um (see Sec. II B).

We use a vertical pair of glass microballoons which lev-
itates in the plasma sheath over the lower electrode. Here,
the (time-averaged) vertical sheath electric field (E) is strong
enough to compensate the force of gravity and hence levi-
tates the particles according to the Millikan condition

q(E) = mg, (1)

where g is the gravitational acceleration and ¢ and m are the
particle charge and mass, respectively. Note that the neglect

60 mm

_ r——

| -]
-

FIG. 1. Sketch of the experimental setup (not to scale): The two shielded
electrodes are symmetrically driven via a balun. Particles are confined in the
plasma sheath above the lower electrode by an elliptic cavity (2mm depth,
10 mm semimajor axis, and 6 mm semiminor axis). The particles are illumi-
nated with a laser and observed using a high-speed camera. A strong mag-
netic field B <4 T is superimposed in the vertical direction.
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of the mutual repulsion in a particle pair is justified by com-
paring the weight force (10-20 pN) and the Coulomb force
(0.3 pN) for typical values of our setup. Therefore, each par-
ticle is tied to its levitation plane, but the position of this
plane can be affected by charge reduction in the wake of the
other particle.

The particles are illuminated by an expanded laser beam
and observed with a high-speed camera. The horizontal con-
finement of the particles is realized by a cavity in the lower
electrode, which has the shape of an elliptic cylinder and
whose major semiaxis is aligned with the image plane of the
camera. This ensures that the particle pair is aligned with the
image plane. In this way, accurate measurements of the inter-
particle distance are possible when the microparticles are
horizontally displaced. In addition, the ellipticity suppresses
particle cluster rotations induced by the magnetic field.*

The whole plasma device is embedded in a supercon-
ducting solenoid, which provides homogeneous magnetic
inductions of up to 4T. Due to plasma instabilities in the
magnetic field (see below), new particles can only be
inserted into the system at B =0 T and the magnetic field has
to be increased afterwards.

Magnetized rf-discharges are known to suffer from sponta-
neous ﬁlamentationfm’41 which sets in for B > 0.2 T. Filaments
are long bright structures that form parallel to the magnetic field
lines and propagate through the discharge perpendicular to B
(see Fig. 2). In our case, the influence of filamentation effects
on the suspended particles is weak for B <2 T.

Histograms of the positions and velocities of a
single microparticle at B=0.8 T are shown in Fig. 3. The
stochastic motion excited by the filaments causes random
velocities of less than v =7 mm/s, i.e., kinetic energies of up
to Exin < 4 x 107'7J. However, the filaments constitute a
very efficient heating mechanism, providing kinetic particle
temperatures of more than Ty, = oy me kg > 108K
with o, . the standard deviation of the partlcle position, wxyz
the confinement frequencies of the particle in each spatial
direction, and kg the Boltzmann constant.

For B > 2 T, the filamentation instabilities become stron-
ger and disturb the particle confinement. Therefore, the
accessible range of magnetic inductions in our experiments
is limited to B < 2 T.

B. Characterizing the microparticles

The glass microballoons used have been differentially
sieved to narrow the range of particle radii to a € [10, 12.5] um.

. B=2

FIG. 2. Side view on plasma and lower electrode with a cavity at B=0 T
and B=2 T. At strong magnetic fields, the plasma filaments, long bright
structures that propagate through the discharge, occur and tend to disturb the
confinement of microparticles.
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FIG. 3. Histograms of the (a) positions and (b) velocities of a single micro-
balloon at B=0.8 T in comparison to a Gaussian distribution (red line). xo
and z( are the mean equilibrium positions of the particle.

The advantage of using glass microballoons over the com-
monly used solid plastic particles is the small effective mass
density p = 220kg m > of the microballoons, resulting in
particle masses of m ~ (0.92 ...1.8) x 10 '?kg. The large
size-to-mass ratio alleviates the particle confinement in the
presence of weak fluctuations from the filamentation insta-
bilities. The large particle size also improves the observabil-
ity and results in a larger charge, which guarantees stronger
wake effects.

In order to study the wake structure in magnetized
plasma, we first need to obtain detailed information on the
size and mass of microparticles that form a vertically
arranged pair in such a plasma. Vertical pairs require a small
mass difference that leads to different levitation heights. If
the initial mass difference is not large enough, the particles
arrange horizontally.

To determine the size and mass ratio of the two par-
ticles, a typical pair has been studied with the phase-resolved
resonance method (PRRM).!**? This method is based on the
complete evaluation of the dynamical response of the par-
ticles to small vertical, periodical perturbations, which are
provided by a modulation of the rf power. The particles can
be treated as damped harmonic oscillators, with their equa-
tion of motion given by

&+ 29& + ¢ = Kexp(ion), 2)

with ¢ the excursion of each particle from its equilibrium
position, y the gas friction coefficient, w, the confinement
frequency, and K and o the amplitude and the frequency of
the external driver, respectively. The strength of the PRRM
over the traditional evaluation of the amplitude response” is
the full analysis of the complex response function. Using ¢
= Aexp(iwt) to solve Eq. (2) leads to the complex amplitude
A of the particle oscillation, which is measured as a function
of the driving frequency to obtain resonance curves.

Phys. Plasmas 25, 073703 (2018)
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FIG. 4. Resonance curves of an almost horizontally aligned pair of micro-
balloons at B=1 T. The number of shown data points is reduced by a factor
of 3 for clarity. The full lines are the fitted real and imaginary parts, as well
as the absolute value of the complex oscillation amplitude A.

Here, the initially vertical particle pair has been forced
into an almost horizontal state by increasing the magnetic
field to B=1 T and the rf power to P,y = 15 W. The underly-
ing mechanism will be discussed in Sec. I1I B.

The resonance curves of the now horizontal particle pair
are shown in Fig. 4. By fitting the real and imaginary parts of
the complex amplitude, the eigenfrequencies wg and gas fric-
tion coefficients y can be determined (Table I). The errors are
estimated from synthetic data.*® Using®* g o (q/m)"/?
x (a/m)"?* and** 7  a*/m leads to

2
Vu au’nd
V_ = azm (3)
d d'tu
and
Wy B aymg 1/2 (4)
Wy N aqny '

The indices u (upstream) and d (downstream) identify
the microparticles in a pair. Rewriting Eq. (4) as

2
Mg _ Oy dd 5
m, ®*a )
u 4 du

and inserting it into Eq. (3) give the size ratio of both par-
ticles: ay/aq = 0.79 = 0.013. The mass ratio is determined by
inserting this in Eq. (5): my/m, = 2.08 = 0.031. Both ratios
are close to the outer limits of the particle properties, the par-
ticle size (10 um/12.5 um = 0.8) and the corresponding parti-
cle mass (1.8 x 10~ '?kg/0.92 x 10~ "?kg = 1.96).

TABLE I. Vertical eigenfrequencies w, and gas friction coefficients y of an
almost horizontally aligned particle pair.

Upstream particle Downstream particle

162.7 +0.25
24.2+0.36

126.9 = 0.13
18.7*=0.13

Wy (rads™")
Yud (Sil)
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As a cross check, the manufacturer information of a
mass density of p = 220kg m " is used to calculate the par-
ticle sizes from the gas friction coefficients,** giving a(y,)
=(9.7%0.2) um and a(yy) = (12.3 =0.1) um. Again, this
fits the outer limits of the sieved particle load.

In summary, by means of resonance measurements, we
have characterized the particles that are used to create a ver-
tically aligned pair: The requirement for the mass difference
in combination with the small used size interval yields pairs
with the upstream (downstream) particle representing the
lower (upper) bound of the size distribution.

C. Simulation of the plasma sheath

In a second step, we are interested in the plasma parame-
ters in the sheath and the relative position of the micropar-
ticles to the sheath edge. We therefore start with studying the
plasma parameters in the sheath by PIC simulations. For this
purpose, collisional PIC simulations of the rf discharge have
been performed with the XPDP1 code*®*” at our experimen-
tal conditions (electrode gap width, gas pressure, and rf
power) at B=0 T. XPDPI is a 1d-3v code. Because the
sheath electric field is parallel to the magnetic field, the
sheath conditions are nearly independent of the strength of
the magnetic field. We have modified the code by using
improved ion cross-sections for elastic and charge-exchange
collisions.*® The one-dimensional code allows us to deter-
mine the potential and density distribution in the plasma dis-
charge and especially in the plasma sheath. It also provides
the mean ion velocity at the levitation height of the micro-
particles—which is a critical parameter for the simulation of
wake effects in streaming plasmas.

Figure 5(a) shows the potential @, the time-averaged
electric field (E), and the density profiles n;. of ions and

(a) - ———60 E
' o
o

o

{20 W

>

et

0 5 10 15
z (mm)

FIG. 5. Results of XPDP1 simulations for a discharge gap of 65mm,
p=10Pa, and Uy = 180 V.. (a) Electron density 7., ion density n;, poten-
tial @, and time-averaged electric field (E) as a function of z. Due to symme-
try, only half of the electrode gap is shown. (b) Mean ion velocity in the z
direction in the plasma sheath. Due to the sheath electric field, the ions are
accelerated towards the electrode and reach M = |v;,|/vg = | at z=5mm.
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electrons from the PIC simulation. A steady plasma bulk is
formed in the discharge center, and the quasi-neutrality is
fulfilled down to the pre-sheath edge at a distance of z
= 8 mm, which we define by n.; = 0.9 n;; = 3.2 x 10" m—.

The ion velocity in the plasma sheath is shown in Fig.
5(b). The ions reach Bohm velocity vg and become super-
sonic M>1 at z=5.4mm. M is the Mach number defined
here as the ratio of ion velocity v; and Bohm velocity vg

Ui my
M=—=uvi|—, 6
UB v kBTe ( )

with kg the Boltzmann constant and 7, the electron tempera-
ture. The typical electron temperature is kg 7. = 1.9eV in
the plasma bulk and 1.6 eV at the sheath edge.

The points where n, # n; sets in and where v; = vg is
reached do not coincide, which is characteristic of collisional
plasma discharges.*

The electron Debye length is often used as a typical
scaling length. We choose the Debye length corresponding
to the plasma parameters at the pre-sheath edge (z; = 8 mm)
as the reference scaling length

eokpTe
Nes€?

ADe = = 0.53 mm, (7

with e the elementary charge and ¢, the permittivity of free
space.

The consistency of the simulational and experimental
results can be verified by a PRRM measurement with a sin-
gle heavy microballoon at the typical discharge properties of
p=10Pa, Py = 5W, and B=0 T. The measurement has
been performed with a particle that levitates at z =4.64 mm.
The PRRM measurement yields w, = 77.7rad s~ ' and 7y
= 15.9 57", resulting in a particle mass of m=2.1 x 10~ *kg.
Using the local ion density at the particle position [Fig. 5(a)]
yields a charge number* of the particle of

(U%EO
e’n

1Z| = = 29 000. (8)

1

According to Eq. (1), we obtain a time-averaged electric
field of (E) = 4400V m~!, which agrees with the electric
field resulting from the simulations at the particle position
z=4.64 mm [Fig. 5(a)].

D. Plasma behavior and particle levitation

We continue with the experimental description and anal-
ysis of the levitation of microparticles in comparison to the
development of the plasma glow in the sheath as a function
of the magnetic field.

In Fig. 6, the levitation height of a single microballoon
is compared with the plasma glow intensity for magnetic
inductions B = (0...2) T. The plasma glow is measured with
a high-sensitivity CMOS camera. The glow intensity is a
rough indicator for the time-averaged electron density in the
sheath.

The plasma glow is nearly constant at magnetic induc-
tions of B > 0.5 T, and the particle levitation height coincides
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FIG. 6. Lower plasma sheath at p=10Pa and P,y = 5 W: time-averaged,
normalized plasma glow (color coded with contour lines) and levitation
height above the electrode z, of a single (¢ ~ 10 um) microballoon (circles)
as a function of the magnetic induction B. z=0 is the position of the elec-
trode surface.

with the 45%-52% intensity contours and shows a slight
decrease. The plasma glow indicates that for B> 0.5, T an
increase in the magnetic field does not lead to changes in the
discharge. The global influence of the magnetic field on the
electrons, which can be described by the ratio of gyro and
plasma frequencies, is quite large already at B=0.5 T (wce/
Wpe > 50), and so, a further increase in the magnetic field
leaves the discharge unchanged.

Hence, it is justified to assume that experiments with
pairs of microballoons in this regime will give reliable infor-
mation about the local physics in the vicinity of the particles:
the interaction forces and wakes. Note that the ratio of the
particle radius and the electron gyro radius a/rg. just
becomes unity at about 0.6 T, i.e., the electron fluxes on the
particle become anisotropic and particle charging is still
affected by an increasing magnetic field.*®

The levitation height in our experiment corresponds
to the position, where v; =~ vy is reached, as it has been
determined in Sec. II C. Hence, it is reasonable to com-
pare our results with simulations for streaming ions at
M=1.

lll. PAIR OF MICROPARTICLES IN A STRONGLY
MAGNETIZED PLASMA

A. Change of arrangement at a variation of B

After having studied the properties of single particles,
we now explore the behavior of particle pairs in the accessi-
ble range of magnetic fields.

Due to small mass differences in combination with
wake effects, at B=0 T, the two particles always levitate in
a vertically aligned arrangement. Their absolute positions
and relative arrangement are observed, while the magnetic
field is slowly increased at d|B|/ds < 0.1 T /min.

This vertical alignment remains unchanged at weak
magnetic inductions B <0.6 T. Simulations>® show that for
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low magnetizations, there is no significant difference from
the unmagnetized case, which has been broadly studied in
previous investigations’*'®>% and hence is well known: The
particle arrangement with respect to the flow is stable against
changes in the interparticle distance (a decrease in the parti-
cle distance can be induced by an increase in the rf power or
by means of plasma inherent etching processes in combina-
tion with particles of different materials®). The particle dis-
tance is mainly given by the undisturbed equilibrium
position of the single particles in the plasma sheath.”>° A
removal of a particle out of a vertically arranged particle pair
only leads to small changes in the levitation height of the
other particle due to secondary effects as the Coulomb repul-
sion of the particles and the reduction of the charge of the
lower particle in the ion focus of the upper one.”* The attrac-
tive force by the enhanced ion density in the focus region is
an important mechanism for the horizontal stability of the
vertical particle pair'® but plays a minor role in the vertical
position of a (downstream) particle due to the strong confine-
ment in the sheath.”®

Figure 7 shows the evolution of the particle positions in
x (horizontal) and z (vertical) directions immediately before
a sudden configuration change occurs. The displayed range
of magnetic fields corresponds to an observation time of
7 min and allows detecting precursor events that may initiate
the transitions. The increase in the magnetic field [Fig. 7(a)]
first and foremost leads to a shift in the stable horizontal
position and—as it is known from the study of the single par-
ticle (see Fig. 6)—a small descent of the two particles. The
horizontal shift takes place on much longer time scales than
the filamentation-induced particle oscillations, which appear
as noisy broadening of the positions x and z. This shift of the
horizontal equilibrium position can be related to another
form of magnetic field induced plasma instability, presum-
ably point discharges at the edge of the electrode cavity.

At By = 1.3 T, a sudden change in the particle configura-
tion takes place: the vertical alignment is lost and the

(a) Increasing B (b) Decreasing B

31

30

x (mm)

29

z (mm)

4.5 ]

4 - , , , -
08 1 12 14 1 08 06 04
B (T) B(T)

FIG. 7. x and z positions of upper (blue) and lower (red) particles of the
same particle pair at p=10Pa and Py = 5 W for (a) increasing and (b)
decreasing magnetic fields. Configurational changes occur (a) at B=13 T
and (b) B=0.6 T. Note that the change in the levitation height of the down-
stream particle is larger at B=0.6 T compared to B=1.3 T.
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particles switch to an oblique configuration (Ax becomes
large). Simultaneously, the levitation height of the lower par-
ticle increases. A further increase in B does not change this
oblique arrangement, which remains stable over time.

The oblique configuration (independent of B) is easily
understood: The vertical particle distance is mainly given by
the different levitation heights from the Millikan condition
Eq. (1). The charge of each particle is not affected by the
other particle and its wake. The horizontal interparticle dis-
tance results from the balance of the repulsive interparticle
forces, the restoring electric field force of the horizontal con-
finement, and the residual weak attractive wake forces.

For decreasing magnetic induction B [Fig. 7(b)], the
oblique configuration is preserved down to B, = 0.6 T, where
the reverse transition takes place. This magnetic induction is
significantly below the former transition point. When the
particle pair switches back to the vertically aligned position,
an even larger change in the levitation height of the lower
particle is found (than in the case of the opposite transition).

Overall, these measurements have been performed with
N =6 different particle pairs. The absolute magnetic induc-
tions, where the topological transitions occur, are well repro-
ducible in repeated experiments with the same particle pair.
For other pairs with different mass ratios, i.e., different initial
particle distances, the transition points have different values
(see Table II). Nevertheless, a hysteresis width AB = B,
— B, > 0.5T is always found.

B. Spontaneous change of arrangement at constant B

A preference for the oblique arrangement at higher field
strengths can also be shown in a different way with a con-
stant magnetic field in the range B € [0.7, 1.1] T. The smaller
the initial particle distance is the weaker the magnetic induc-
tion becomes to establish the vertical alignment. By increas-
ing the rf power to Py = 15 W, the interparticle distance of
the vertically aligned particle pair is reduced. After a finite
time span of t = (2...60) s, the lower particle suddenly
leaves its meta-stable position. A spontaneous transition to
the oblique arrangement takes place, which then remains sta-
ble. The transition back to a vertically aligned pair can only
be triggered by a strong reduction of the rf power to P <5
W, which increases the vertical particle distance. The rf
power is then increased to Py = 15 W again, and the original
condition is restored. This mechanism to bring the particles
back into vertical alignment by an external variation of the rf

TABLE II. Magnetic inductions B; and B, and the hysteresis width AB = B,
— B, for the whole set of measurements with N =6 different particle pairs,
sorted by Az.¢, which is the particle distance of the vertically aligned pair at
B=1T. The larger the initial particle distance (mass difference), the higher
the induction at the transition points B ,.

#1 # #3 #4 #5 #6
B, (T) 1.19 1.25 1.30 1.20 1.47 1.39
B, (T) 0.62 0.58 0.60 0.70 0.81 0.65
AB (T) 0.57 0.67 0.70 0.50 0.66 0.74
Az (mm) 0.85 0.85 0.88 0.91 1.05 1.07
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FIG. 8. Sketch of the spontaneous arrangement transition of a particle pair.
(a) Initially, the particles are in the vertical state. (b) After a finite time of
t=(2...60) s, a transition to the oblique configuration sets in (see also Fig.
9). (c) The oblique arrangement is stable over time but can be brought back
to vertical by a strong reduction of the rf power which induces an increase in
the vertical particle distance. If the rf power is then increased again, the par-
ticles are in their initial state and the process restarts.

power is known from previous works.? Here, it is only used
to reset the particle configuration.

This cycle is illustrated in Fig. 8. An exemplary sponta-
neous transition from the vertical alignment to the oblique
configuration is shown in Fig. 9.

The merit of the analysis of these spontaneous transi-
tions is that multiple repetitions with an individual particle
pair can be performed within a short time, which allows us
to analyze the reproducibility of those transitions. The mean

FIG. 9. Spontaneous change in the arrangement of two particles (upper:
blue; lower: red) from vertical alignment to the oblique configuration at
B=0.8"Tand P, = 15 W. (a) Horizontal positions x as a function of time .
Initially, both particles move together away from their equilibrium position.
If the deflection is too strong, the lower particle is no longer able to follow
the upper particle’s movement, and the horizontal component Ax of the
interparticle distance (shown in the inlay) starts to increase. A distance of at
least Ax > 30 um has to be exceeded until the transition sets in. (b) Vertical
positions z as a function of time 7. The levitation height of the upper particle
stays almost constant, whereas the lower particle is considerably affected.
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TABLE III. Positions of the upper and lower particles in the vertical
(aligned) and oblique configuration for the transition process pictured in Fig.
9. Overall, the process has been observed for 22 times for this specific parti-
cle pair. x =30 mm corresponds to the center of the electrode.

Aligned pos. (1um) Oblique pos. (1m)

Xy 30823 =18 28871 £5.7
Xq 30814 =17 30997 = 10
Zy 599515 6013 £0.5
Zq 5455 3.0 5557 0.9

locations of both particles in both configurations (vertically
aligned and oblique) and their standard deviations, which
have been determined from 22 single transitions of the same
particle pair, are given in Table III. Note that the standard
deviation of the average values is smaller than the particle
diameter. In both configurations, vertical and oblique, the
particles always levitate at the same positions. In all cases, a
horizontal particle distance of Ax > 30 um =~ 3a is a thresh-
old that has to be exceeded before the transition sets in.

IV. MOLECULAR DYNAMICS SIMULATIONS
OF WAKES

To explain and understand the experimental observations,
we take a closer look at the results of simulations, which
made particle charges, ion density distributions in the vicinity
of the particles, and the forces on the particles accessible.

For this purpose, we have performed MD simulations of
two particles in a streaming plasma environment. The
plasma parameters (n; = 2.5 x 10" m™3, kg T. = 2.5¢V,
B=2 T, and M =1, vj||z) have been chosen close to the
experimental conditions. The charges of the particles of size
a=12.5 ym are calculated self-consistently. For details on
the code and its results, see Refs. 16, 36, and 37.

In the collisionless limit*® [Fig. 10(a)], ion accumulation
in the focus region immediately behind the particle is found.
Further downstream, a shadow region (ion depletion) with a
negative potential is formed.

In the presence of collisions®’ (p=10Pa) [Fig. 10(b)]
and a superimposed dc electric field, the ion focus is elon-
gated and a region of positive space-charge potential is
formed downstream. Note that the potential due to the dc

X/)‘De
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FIG. 11. MD simulation result of horizontal force Fy 4 on the downstream
particle as a function of the magnetic induction B at a particle distance of Ax
= 0.2 pe and Az = 1.0 /Jp,. Positive forces are repulsive (pushing the parti-
cle to larger Ax), and negative forces are attractive (pulling the particle to
Ax =0).

electric field is omitted here to allow the comparison with
the collisionless case in Fig. 10(a). In the following, the col-
lisional case is used for further analysis of a particle pair.

Figure 11 shows the restoring horizontal force compo-
nent F 4 on an additional particle in the downstream direc-
tion in an almost vertically aligned particle pair (Ax = 0.2
Ape and Az = 1.0 Ap.) as a function of the magnetic induc-
tion B. An increase in the magnetic field is connected with a
decrease in attractive horizontal wake forces, stabilizing the
vertical arrangement—as they are known from the unmagne-
tized system. The forces become repulsive at magnetic
inductions of B >4 T. Note that in the laboratory experi-
ments, the vertical alignment is lost at a smaller magnetic
field (Fig. 7). This is not in contradiction to the MD results,
which define the confinement of a particle of zero kinetic
energy. The downstream particle can leave the confining
potential well when its total energy becomes positive.
Nevertheless, as discussed in Sec. II A, the random velocities
induced by the filamentation instabilities represent a typical
kinetic energy of Ey;, < 4 X 10~'7J, which is one order of
magnitude smaller than the depth of the potential well
[Wpot| = |q®@| ~ | — 30000e x 50mV| =2 x 107'°J, as it is
found in simulations [contour lines in Fig. 10(b)].

x10°
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225 FIG. 10. Density of superions from

2.00 MD simulations in units of /5. (color

1.75 coded) and potential contours in steps

1.50 of 50mV (® < 0, dotted; ® > 0, full

1.25 lines) in the vicinity of a single particle

1.00 at B=2 T. The particle position is

075 marked with a cross. (a) Collisionless
and (b) p=10Pa at an electric field of

0.50 E=6260 V/m.
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All in all, the MD results in the collisional case show
that the wake at B <2 T (inductions as they are used in the
experiment) still exhibits most features of the unmagnetized
wake, i.e., an ion density enhancement (“ion focus”) and
attractive horizontal forces.

To understand the arrangement of the particles, spatial
information on the charge of and forces on the lower particle
are needed. For this purpose, a set of 10 x 10 MD simula-
tions with different particle distances Ax and Az has been
performed. The quantities have been determined, and spatial
information has been gained by interpolation.

Figure 12(a) shows how the charge of a second particle is
affected by the presence of a particle in the upstream direction
at B=2 T. The particle charge g4/q4o in units of the undis-
turbed charge gq¢ of a single particle is plotted as a function of
the particle separations Ax and Az. The influence of the ion
enhancement in the wake becomes apparent: the closer the
lower particle is located to the upper one the more its negative
charge is reduced. This effect is extended in the flow direction
(—z-direction), where a significant decharging of more than of
10% can be observed to distances beyond 1 Ap,, but it is lim-
ited in the x-direction to distances of at most 0.3 /p..

This decharging of the downstream particle in the wake
and its influence on the levitation height of the lower particle
are typical features and known from unmagnetized sys-
tems.”'*?” Due to the focus-induced decharging of the parti-
cle, its charge becomes more negative when the particle
leaves the (horizontally narrow) focus region. Due to the
sheath electric field (E), a change in the particle charge ¢ew
= ¢ + Aq results in an increasing levitation height up to the
place, where the Millikan condition [Eq. (1)] is fulfilled
again: (¢ + Aq) ((E) + A(E)) = mg. In combination with

2

s — Won Az, )
dz q

this allows us to estimate the change in the particle charge

by analyzing the change in its levitation height
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For a spontaneous transition, as it has been observed in
the experiments (Sec. III B, Fig. 9) with Az = —0.1 mm and
wq = 127rad s~ ' (Sec. IIB), this results in Ag/qg=16%,
which is in good agreement with the charge variation in the
simulation results [Fig. 12(a)].

Figure 12(b) shows the MD results of the horizontal
force Fy 4 on the downstream particle as a function of its dis-
tance to the upper particle at B =2 T. For vertical separations
of Az > 0.5/p., the region close to the symmetry axis of the
system (Ax = 0) is dominated by attractive forces on the
downstream particle (as they are already known from Fig.
11). As long as the lower particle is located in this region, it
will be pushed back towards the center, resulting in a vertical
alignment of the particles. The horizontal extent of this
restoring region becomes larger with the increasing vertical
distance: from a horizontal distance of 0.4 Ap. at Az = 0.5
Ape to 1.27p at Az = 1.5 Jp.. A repulsive regime is found
above the dashed line in Fig. 12(b).

Overall, the MD results show that two stable arrange-
ments—as found in the experiments—are possible: The
attractive forces lead to a vertical alignment (small Ax) of
the particles at large Az, whereas the repulsive forces
at small Az and large Ax push the particles apart and—in
case of an external confinement—result in an oblique
configuration.

In the experiments, the transitions between the two sta-
ble configurations show hysteretic behavior. On the one
hand, the transition back to the vertically aligned arrange-
ment is based on the increasing attractive wake forces (Fig.
11) when the magnetic field is decreased. On the other hand,
the onset of the transition is connected to a previous horizon-
tal approach of the particles [Fig. 7(b)], which is again
caused by the shift of the horizontal confinement due to mag-
netic-field-induced discharge instabilities. Only this horizon-
tal approach allows the downstream particle to re-enter the

Fra(PN)
2 3 4 5 6 7

FIG. 12. Spatial structure of wake
characteristics determined from inter-
polation of a set of 10x 10 single
MD simulations. (a) Charge variation
qa/qq0 of a particle in the wake of an
upstream particle with respect to the
charge ¢q0=-—57370e of a single
undisturbed particle as a function of
the distance to the upper particle and
(b) horizontal force Fy4q on a lower
particle as a function of the distance to
the upper particle at B=2T.

0 02 04 06 08 1 1.2

Ax/)\De
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narrow attractive wake region, which induces the transition
back to the vertical alignment.

We attribute the hysteretic behavior to the non-
conservative nature of the forces shown in Fig. 12(b), which
includes the charge variation in the wake. Then, the work
done on the particle along the path from one configuration to
another and back to the initial state is non-zero. Other exam-
ples for non-conservative forces by the charge variation are
self-excited vortices® ™2 or self-excited vertical oscillations
by delayed charging.”*°

V. CONCLUSIONS

The arrangement of two microparticles in the plasma
sheath with a magnetic field has been studied. Three regimes
have been identified: vertical particle alignment at weak
magnetic inductions, oblique configurations at the strongest
fields, and an intermediate regime, where both arrangements
are found—with a preference for the oblique case. This
behavior has been investigated by gradually changing the
magnetic field and by observing spontaneous transitions at
constant parameters. A common feature is the nearly con-
stant levitation height of the upper particle, whereas the
lower downstream particle changes its height during the tran-
sitions between the configurations.

The existence of two competing arrangements”’~* has
now also been established for magnetized wakes. Deeper
insights are gained by comparing with simulations. MD sim-
ulations have been performed at realistic parameters close to
the experiment and have shown that the wake of a particle in
the collisional regime is still given by a focus-induced ion
enhancement [Fig. 10(b)], which provides attractive forces
on other microparticles. Furthermore, these attractive forces
are weakened by an increasing magnetic field (Fig. 11).

A convergence between the MD simulations and the
experiment has been found in the context of decreasing
attractive forces, which alleviates the “jump” of the down-
stream particle out of the focus region and leads to a transi-
tion of the particle pair from vertically aligned at low
magnetic inductions to an oblique configuration at the high-
est magnetic fields. What is more, the observed coexistence
of two stable particle configurations—oblique and (meta-sta-
ble) vertically aligned—at intermediate inductions has been
shown by the analysis of (horizontal) forces of a particle pair
in MD simulations [Fig. 12(b)].

The combination of MD simulations and PRRM mea-
surements is able to qualitatively explain the exclusive
change in the levitation height of the downstream particle
during the observed transitions (Figs. 7 and 9), which is due
to the decharging of the downstream particle in the ion-
enhanced wake of the upper particle [Fig. 12(a)]. Further
experimental evidence for the modification of the particle
wake by magnetic fields was provided by the observation
that the change in the levitation height from decharging is
much larger at the weak magnetic field [Fig. 7(b)] than at the
stronger magnetic field [Fig. 7(a)]. This effect can be attrib-
uted to the diminishing wake charge in the ion focus for
increasing magnetic induction, as predicted by MD
simulations.””
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Whereas, in simulations, the restoring forces show a
change of sign to repulsive forces at B >4 T (Fig. 11), verti-
cal alignment is lost at a smaller magnetic field in experi-
ments (Fig. 7). The finding that the vertical alignment in the
experiments is lost at significantly lower inductions is not in
contradiction to the MD results since the simulations define
the confinement of a particle of zero kinetic energy. It has
been shown that random velocities induced by the filamenta-
tion instabilities cannot trigger the splitting. This is plausible
since these disturbances are constantly present and would
always trigger transitions immediately and would not allow
meta-stable states. We therefore assume that in a rare event,
a single strong filament close to the particle pair initiates the
splitting.

As an additional supplementary study, the discharge
itself has been investigated with self-consistent PIC simula-
tions, i.e., the density profiles, as well as the sheath electric
field, and ion flow velocities have been analyzed. On the one
hand, this has provided a proper database for comparison
with MD simulations. We have shown that the plasma in the
vicinity of the microballoons is given by a supersonic
(M >1) ion flow. On the other hand, the combination with
PRRM measurements, which are used to determine particle
properties with high accuracy, demonstrates full consistency
of the whole dataset by analyzing the levitation condition of
the particles.

In summary, four different approaches—experiments on
particle arrangements in the magnetized plasma sheath, MD
simulations of the wake structure, resonance measurements
on a single particle or pairs, and PIC simulations of the dis-
charge—have been successfully brought together to investi-
gate the influence of a magnetic field on the wake-influenced
plasma-particle-system.
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