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The interaction forces between dust grains in a flowing plasma are strongly modified by the formation
of ion wakes. Here, we study the interparticle forces mediated by ion wakes in the presence of a strong
magnetic field parallel to the ion flow. For increasing magnetic flux densities a continuous decay of the
interaction force is observed. This transition occurs at parameters, where the ion cyclotron frequency starts
to exceed the ion plasma frequency, which is in agreement with theoretical predictions. The modification
of the interparticle forces is important for the understanding of the structure and dynamics of magnetized

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

In dusty plasmas, these ion-wake-related phenomena
have been studied extensively for unmagnetized plasma
flows. For magnetized plasma flows, as they appear, e.g., in
fusion devices or space plasmas, there is a lack of experi-
mental observations and only a few theoretical predictions
[12,13] and computer simulations [14,15] exist. In this
parameter regime, the trajectories of ions scattered in the
Coulomb field of highly charged dust particles can be
strongly modified by a magnetic field parallel to the ion
flow (see Fig. 1). Even in this simplified model (neglecting
collisions and collective phenomena), it becomes apparent
that a magnetic field severely modifies the ion distribution
downstream to the dust particle. Without a magnetic field
[Fig. 1(a)], the focusing effect and therefore an enhanced
ion density on the axis is clearly visible. In the magnetized
case [Fig. 1(b)], the scattering process transfers energy
from the parallel to the perpendicular motion, which trig-
gers a helical ion motion and creates an extended ion-
depleted shadow.
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In the limit of linear response theory, Nambu et al. [12]
have predicted a damping of the wake oscillations by the
presence of the magnetic field. Particle-in-cell simulations
by Patacchini et al. [14] showed an additional ion cyclotron
wake further away from the dust particle (probe) at pa-
rameters, where the cyclotron damping is not too strong.
Thus, for particle ensembles, where the interaction forces
are mediated by ion wakes, we expect a strong influence of
the magnetic field on the particle interaction. It is the
intention of this Letter to analyze this situation experimen-
tally. The focus hereby lies on a quantitative determination
of the nonreciprocal interaction forces and the charging of
the particles.

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

speed vy = \/kzT,/m; the screening length provided by
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FIG. 1 (color online). Trajectories of Argon ions scattered in
the pure Coulomb field of a single charged dust grain with 9, =
—20000e (a) without magnetic field (B =0 T) and (b) with
magnetic field (B = 2 T) in cylindric coordinates. The magnetic
field is aligned parallel to the ion flow in the z direction. p is the
distance from the z axis. Cold Argon ions with an initial velocity
equal to the Bohm speed are assumed.
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the ions can be approximated by Ap = vegksT,/(n;e?)
[16,17], T, is the electron temperature and m; the ion
mass. The deflection of the ions passing by a charged
dust particle happens mainly within the Debye sphere of
the particle. The Lorentz force must be taken into account,
when the transit time of the ions 7, = A, /vy is compa-
rable to the time scale of the cyclotron motion 7,; = 1/w,;,
e.g., B; = 1,/7,; = w./w,.. However, ion-neutral colli-
sions can suppress the magnetization of the ions, when the
ion-neutral collision frequency v;, exceeds w,;. For the
present measurements the Hall parameter H; = w_;/v;, is
comparable to the magnetization B;. Although collisions
affect the wake fields, B; = 1 is a reasonable criterion to
separate unmagnetized and magnetized wakes, because
H; = 1 holds in this parameter regime.

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

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

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

Er+ 27 + 03&, + Dy (6, — €) = Kyexpliot). (2)

¢; is the excursion from the equilibrium positions of the
upstream (j = 1) and downstream (j = 2) particle, y; is
the friction coefficient accounting for friction induced by
the ambient neutral gas, ) is the confinement frequency of
the particles, and K; the amplitude of the excitation force
normalized by the particle mass m;. The D;; can be con-
sidered as effective spring constants describing the strength
of the interaction force. Here, we allow D, # D,; to
account for the nonreciprocity of the particle interaction
[6]. In order to determine the dynamical properties (w;,
D;j, ;) of this system, the phase resolved resonance
method [20] is applied. Resonance curves are obtained
by varying the excitation frequency w and measuring
the particle positions §; at a certain phase ¢ with respect
to the excitation. For comparison, the resonance curves for
B =0.2 Tand B = 1.2 T magnetic induction are shown in
Fig. 3. The fits of model Eq. (1) (full lines) are in good
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FIG. 3 (color online). Resonance curves of the (a) upstream
and (b) downstream particle for magnetic inductions of B =
0.2 T (squares) and B = 1.2 T (circles). ¢; is the excursion from
the equilibrium position at a phase of ¢ = 0° with respect to
the excitation signal. The full and dashed lines are fits of the
model Eq. (1).
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agreement with the measurement allowing an accurate
determination of w;, D;;, v;.

We analyzed the resonances of the particles for a range
of magnetic inductions from B = 0.2 Tto B =25 T. At
B = 0.2 T the electrons are strongly magnetized, e.g., the
Hall parameter of the electrons is H, >> 1 and a further
increase of the magnetic induction does not alter the elec-
tron dynamics. For B> 2.5 T the particle ensemble be-
comes unstable due to the filamentation of the plasma [22].
In this parameter regime, we find only a weak dependence
of the plasma parameters and the particle charges on the
magnetic induction. This is shown in Figs. 4 and 5(a).
Figure 4 shows the plasma glow intensity /, above the
lower electrode (z = 0) versus the magnetic induction B.
The plasma glow is an indicator for the electron density
and the electron temperature. Thus, for magnetic induc-
tions of 0.2 T < B <2.0 T the plasma glow (parameters)
can be considered constant. In Fig. 5(a) the confinement
frequencies of the upstream and downstream particle are
plotted versus B. Since w; depends on the charge-to-mass
ratio of the particles (w? x 0 j/ m;), Fig. 5(a) shows that
the particle charges remain approximately constant over
the entire range of magnetic induction. Further, we have
verified that the levitation heights of the particles are nearly
unaffected in this range of magnetic inductions, which
supports the finding that the particle charges remain con-
stant. The measurements were started at B = 1.8 T, then B
was decreased to B = 0.2 T and increased again to B =
2.5 T (dashed line in Fig. 5). There is a small drift in w,
indicating a change of the plasma parameters or particle
properties [21,23] over the measurement time of a few
hours, which will be neglected in the following.

0.9
0.8
0.7
0.6

0.5
0.4
0.3

glow intensity (arb. units)

0.2
0.1

10 15
z (mm)
FIG. 4. Plasma glow intensity /,, versus magnetic induction B
and vertical position z. I, is averaged in the horizontal direction.
The driven electrode is at z = 0. The dashed lines correspond

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

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

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

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

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

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

Debye length, as is the situation for small objects (satel-
lites, asteroids) in the solar wind.
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