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Cycloid motions of grains in a dust plasma∗
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Hypocycloid and epicycloid motions of irregular grains (pine pollen) are observed for the first time in a dust plasma in
a two-dimensional (2D) horizontal plane. These cycloid motions can be regarded as a combination of a primary circle and
a secondary circle. An inverse Magnus force originating from the spin of the irregular grain gives rise to the primary circle.
Radial confinement resulting from the electrostatic force and the ion drag force, together with inverse Magnus force, plays
an important role in the formation of the secondary circle. In addition, the cyclotron radius is seen to change periodically
during the cycloid motion. Force analysis and comparison experiments have shown that the cycloid motions are distinctive
features of an irregular grain immersed in a plasma.
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1. Introduction
The dust plasma is characterized by charged grains im-

mersed in a plasma of electrons and ions.[1–3] The grains could
acquire charges of the order of 103 to 104 elementary charges
and often become strongly coupled, which gives rise to novel
phenomena such as the crystallization, phase transitions, and
waves.[4–9] The grains suspended in sheath suffer gravitation
force, electrostatic force, drag force, and sometime external
magnetic/laser field etc. It leads to complex motions of grains
like gyromotion, cluster rotation and shear flow.[10–17] It is
obvious that a charged grain could perform gyromotion if it
is magnetized in external magnetic field. The measurements
of gyroradius and cyclotron frequency provide an effective
method for the noninvasive determination of the charge on a
grain.

Most of studies on the dust plasma either in experiment or
in theory deal with grain of a spherical form, such as the glass,
melamine formaldehyde, and alumina mocrosphere.[3–5] In
some cases, especially in the numerical simulation of molec-
ular dynamics, for simplicity, the grain is considered as a
charged particle neglecting the grain shape. However, the
grains appeared in planetary rings, fusion reactors, materials
processing, etc., generally have a nonspherical shape. The
dynamics of the nonspherical grain in the dust plasma is less
known at present.

A grain immersed in a plasma suffers the momenta trans-
ferred from plasma flux and surrounding gas.[1–3] This could
result in the spin of the grain and has been paid much atten-
tion in recent years.[18–20] For an ideal spherical grain, the net
effect for the momenta transfer can be zero. For a grain with

irregular shape the net transfer of the angular momenta can be

estimated as ηassπa2ni,∞mi avsv∞
[18] (where ηass is the coeffi-

cient taking into account the degree of irregularity of the dust

shape, a is the average radius of the grain, ni,∞ is the ion den-

sity, mi is the ion mass, vs is the ion velocity at the surface of

the grain when they are attached to the grain and v∞ is the ion

velocity far from the grain). The angular frequency of such

spin can reach a rather large value (∼ 104 s−1–109 s−1).[19]

The spin of a hollow glass microsphere with defect has been

detected with angular velocity up to 12000 rad/s in a strati-

fied glow discharge.[19] The spin of a charged grain could give

rise to a magnetic moment. Interacting with external mag-

netic field, the spinning grain is subjected to a magnetic force

which could result in the complex motions of such grain.[18,21]

However, in the absent of external magnetic field, a spinning

grain could also exhibit complex motions which have not been

well studied until now. Here, we report an experimental study

on the cycloid motions of irregular grains (pine pollen) in a

dusty plasma. Hypocycloid and epicycloid motions are ob-

served, besides the stationary grain and the circle motion of

grain. The inverse Magnus force originated from the spin of

the grain is considered, and it plays important role on the cy-

cloid motions of grains. These complex motions of grains are

explained based on the force analysis in 2D horizontal plane.

Additional comparison experiments with regular microspheres

are performed in order to confirmed that the cycloid motions

are distinctive features of a pine pollen immersed in a plasma.
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2. Experimental setup

Figure 1 shows the sketch of the experimental apparatus.
The experiments are carried out in a vacuum chamber with a
background pressure within p = 10–70 Pa. Argon gas at flow
of 10 sccm is used for the discharge. In order to avoid dis-
turbances in grain motion during an experiment the position
of the gas inlet is designed properly. Plasma is produced by
coupling capacitively the electrode to a radio-frequency gen-
erator (13.56 MHz). The forward power varies from 5 W to

50 W. The separation between the lower stainless steel elec-
trode and the upper ITO coated electrode is 70 mm. Due to
the lack of probe, the plasma parameters are obtained by us-
ing numerical simulations with a two-dimensional fluid model
based on the continuity equations for mass, momentum and
electron energy, and Poisson equation for the electric field.[22]

The electron density is ne = 1.8×1010 cm−3 and the electron
temperature is Te = 2.2 eV under the given experimental con-
ditions, which are in agreement with the experimental results
by Basner.[23]
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Fig. 1. (color online) Schematic diagram of the experimental setup. The inset shows the image of a pine pollen we used in experiments.

Pine pollen having nonspherical shape as shown by the in-
set in Fig. 1 are injected into the plasma through a shaker and
serve as dust grains. The average radius is about (20±5) µm.
The charge Q of a dust grain can be obtained by means of
the methods of force balance and/or resonance frequency,[24]

Q ' 5× 104e. One or few grains are injected into the plasma
during each experiment in order to avoid the formation of grain
ring and plasma condensation. Regular glass and resin micro-
spheres are also used in comparison experiments. Grain is hor-

izontally illuminated by a 50-mW, 532-nm laser sheet with a
thickness of 0.5 mm and imaged by a CCD camera from the
upper transparent electrode. The spatial and temporal resolu-
tions are 10 µm/pixel and 50 frames/s, respectively. The tra-
jectory of grain can be obtained by using long-time exposure.
In order to obtain the velocity and acceleration of grain a high
speed camera (PCO.dimax, 1000 fps) is used. Characteristic
parameters of the grain movement are measured by using the
image processing with MATLAB.
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A glass ring is positioned on the lower stainless steel elec-
trode. The diameter and the height of the glass ring are 37 mm
and 10 mm, respectively. After being injected into the plasma,
charged grain levitates nearby the glass wall. Due to the cir-
cular symmetry of the glass ring the grain travels around the
glass ring or stays near its equilibrium position.

3. Experimental results
3.1. Regular movements of grains

We firstly show the regular movement of a single grain
around the glass ring in a 2D horizontal plane as shown in
Fig. 2. Figure 2(a) shows an epicycloid motion with inward
petals. This meandering motion can be regarded as a combi-
nation of two circular motions, where the primary circle (ra-
dius r2) orbits the secondary circle (radius r1) in one direction
with angular velocity ω1 and spins about its center in the same

direction with angular velocity ω2 as shown by the diagram of
Fig. 3(a). Figure 2(c) shows a hypocycloid motion with out-
ward petals with rotations in the opposite sense [as illustrated
by the diagram of Fig. 3(b)]. The epicycloid and hypocycloid
motions occur in two cases, respectively. The epicycloid tra-
jectory is observed only outside of the glass ring, and the value
of angular velocity satisfies ω1ω2 > 0. The hypocycloid tra-
jectory is found both inside and outside the glass ring, and the
value of angular velocity satisfies ω1ω2 < 0. For the two kinds
of cycloid motions they both satisfy the following relation:

|r1ω1|< |r2ω2|, (1)

i.e., the linear speed of the secondary circle is less than that of
the primary circle. This is a key to the formations of the petals
on both epicycloid and hypocycloid trajectories.
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Fig. 2. (color online) Trajectories of travelling (a)–(e) and stationary (f) grains. Dashed line in each image indicates schematically the
glass ring. Panels (a) and (b) are located outside the glass ring. Panels (c)–(f) are located inside the glass ring. (a): epicycloid motion;
(b): cuspate epicycloid motion; (c): hypocycloid motion; (d): cuspate hypocycloid motion; (e): circular motion; (f): stationary grain.
Exposure times of panels (a)–(f) are: 0.39, 0.26, 0.53, 0.16, 0.32, 1 s, respectively.

Cuspate epicycloid and hypocycloid motions are ob-
served as shown in Fig. 2(b) and 2(d), respectively. In these
cases, the radius r1,2 and the angular velocity ω1,2 follow the
condition:

|r1ω1| ≥ |r2ω2|. (2)

This means that the linear speed of the secondary circle is
equal or greater than that of the primary circle, which leads
to the appearance of the cusps on the cuspate cycloid trajec-
tories. The cuspate epicycloid motion is observed only out-
side the glass ring, and the value of angular velocity satisfies

ω1ω2 > 0. The cuspate hypocycloid motion is observed both

inside and outside the glass ring, and the value of angular ve-

locity satisfies ω1ω2 < 0.

Circular motion is observed both inside and outside the

glass ring as shown in Fig. 2(e). The angular speed of cir-

cular motion of grain changes within the range of 0.05 rad/s–

1.23 rad/s. Stationary grain is observed both inside and outside

the glass ring as shown in Fig. 2(f). In the absent of action with

other grain, the grain is considerably stable at higher gas pres-

sure. However, Brownian motion of grain is observed clearly
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at lower gas pressure. The grain moves stochastically near
its equilibrium position. This has also been reported by other
groups.[25]

Which trajectory a grain will follow is determined by the
initial conditions (such as the initial position and the angu-
lar velocity) of the dropped grain and the discharge parame-
ters. This means that for several grains dropped simultane-
ously (or one grain dropped repeatedly), they (it) will exhibit
different trajectories because their (its) initial conditions are
not exactly the same. Therefore, the dependencies of the pa-
rameters r1,2 and ω1,2 mentioned above on the gas pressure
and the forward power of discharge could not be illustrated
evidently. In our experiments, the radii of the primary and the
secondary circles change within the ranges of r2 = 0.08 mm–
0.57 mm and r1 = 13 mm–25 mm, respectively. The corre-
sponding values of angular velocities change within the ranges
of ω2 = 24 rad/s–88 rad/s and ω1 = 0.03 rad/s–0.63 rad/s, re-
spectively.

r1
r2
ω2

ω1

r1 r2

ω2

ω1

(a) (b)

(c) (d) (e) (f)

Fig. 3. (color online) Schematic diagram of cycloid motions. (a): epicy-
cloid; (b): hypocycloid. Dotted line represents the trajectory of cycloid mo-
tions of grains. Solid line and dashed line indicate the primary circle and the
secondary circle, respectively. r2 and r1 represent the radii of the primary
and the secondary circles, respectively. ω2 and ω1 represent the angular ve-
locities of the primary and the secondary circles, respectively. Panels (a)
and (b) occur when ω1ω2 > 0 and ω1ω2 < 0, respectively. Panels (c)–(f) re-
produce the trajectories as shown in Figs. 2(a)–2(d) in term of Eqs. (1)–(4).
The parameters are ω1 = 0.14, 0.15, 0.42, 0.22 rad/s, ω2 = 44.52, 27.45,
−45.13,−32.63 rad/s, r1 = 20.39, 20.27, 12.31, 13.17 mm, r2 = 0.21, 0.14,
0.25, 0.12 mm in Figs. 2(a)–2(d) and Figs. 3(c)–3(f), respectively.

The (cuspate) cycloid motions of grains follow the param-
eter equations in polar coordinate if we pick the center of glass
ring as the origin:

r2 = r2
1 + r2

2 +2r1r2 cos(ω2−ω1)t, (3)

θ = ω1t± arccos
(

r1 + r2 cos(ω2−ω1)t
r

)
, (4)

where, “+” and “−” correspond the cases of sin(ω2−ω1)t > 0
and sin(ω2−ω1)t ≤ 0, respectively. r and θ represent the ra-
dial and azimuth positions of grains in polar coordinate, re-
spectively. ωi and ri (i = 1,2) are defined as above. By using

the measured ω1, ω2, r1, r2 in Fig. 2(a)–2(d), we can repro-
duce the observed cycloid motions in term of Eqs. (1)–(4) as
shown in Fig. 3(c)–3(f). Due to the pressure on the grain from
the horizontal laser, there are some distortions on the experi-
mental cycloid trajectories [Fig. 2(a)–2(d)] as compared with
Fig. 3(c)–3(f).

3.2. Force analysis

The force analysis for a nonspherical grain, like the
pine pollen we used, becomes very complex. These forces
mainly include the gravitation force, electrostatic force, ion
drag force, neutral friction force, and inverse Magnus force.
The inverse Magnus force, which originates from the spin
of a nonspherical grain, is considered here for the first time.
The interaction force between grains is not considered in the
present case because only one or few grains separated well are
dropped in each experiment.

The gravitation force Fg = mg acts downward vertically
and will not be considered here because our emphases is on
the horizontal motions of dust grains.
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Fig. 4. (color online) Sheath profile indicated by the grain distribution in
x–z plane at y = 0 mm (a) and in three-dimensional (3D) space (b). Ra-
dial profile of the sheath inside the glass ring is indicated by the dropped
grains illuminated by a vertical laser sheet. Gas pressure is 15 Pa and
forward power is 8 W.

The electrostatic force originates from the action of
sheath field on the negatively-charged grain. In the present of
a glass ring the sheath profile follows approximately the walls
of the glass ring and the electrode. Because the thickness of
sheath near the glass ring and the electrode are different,[26]

025201-4



Chin. Phys. B Vol. 25, No. 2 (2016) 025201

the confinement of the sheath to the grain becomes complex.
When the diameter of the glass ring is small, the horizontal
confinement to the grain could be described by a parabolic
potential, and the grain is confined to the center of the glass
ring.[3] Here, the glass ring is relatively large, and the grain
is restricted near the glass wall both inside and outside. In
order to obtain the radial distribution of the sheath, we drop
plenty of grains into the glass ring and capture the grain dis-
tribution in x–z plane illuminated by a vertical laser sheet as
shown in Fig. 4(a). The sheath profile inside the glass ring
can be obtained approximatively by fitting the bottom profile
of grain distribution by superposing 20 images as indicated by
the dashed line in Fig. 4(a). If we pick the center of glass ring
as the origin of polar coordinate, the radially confining poten-
tial is fitted approximately by a quartic polynomial:

U(r) = 0.0005r4−0.038r2, (5)

here, r represents the radial distance to the center of the glass
ring. For the sake of simplicity, the radial confinement outside
the glass ring has a mirror symmetry about the glass wall as
shown by the solid lines in Fig. 6(a). Furthermore, by means
of a measurement of spatial resolution in y direction, we can
obtain the 3D sheath profile as shown in Fig. 4(b). It can be
seen that the sheath near the glass wall is lower than that in
the center of the glass ring, which gives rise to the confining
potential to the grain. Beyond the minima of the confining po-
tential as indicated by the dashed line in Fig. 6(a), the grain is
attracted toward the center of the glass ring. On the contrary,
within the minima of the confining potential, the grain is re-
pulsed toward the glass wall. The present of the potential well
plays important role to the formation of the cycloid motions of
grains.

Ion drag force acting on the grain by ion flow results
mainly from Coulomb drag and collection drag, and has been
explored extensively. Together with the neutral drag and the
plasma charging flux, the ion drag could give rise to the spin of
the immersed grain. The spin of a hollow transparent glass mi-
crosphere with surface defect was observed in a stratified glow
discharge by Karasev et al.[19] The values of angular velocity
measured in their experiments are between 0 and 12000 rad/s.
As a rule, for the nonspherical grain as we used here, the
pine pollen would spin faster than the glass microsphere they
used because the surface of pine pollen is much irregular than
that of glass microsphere. The rapid spin of the pine pollen
around its center of inertia gives rise to the inverse Magnus
force which plays important role on the complex motions of
grains.

The inverse Magnus force results from the spin of a trav-
elling grain in rarefied fluid as illustrated by Fig. 5. As is
well known, the normal Magnus force usually occurs in dense
fluid (the Knudsen number Kn= λ/d is negligibly small, here,

λ is the mean free path of the fluid, d is the diameter of
the grain) and can be described by using the Navier–Stokes
equations,[27] which has depicted well the arc trajectory of
“banana kick”. However, in rarefied fluid (for Kn� 1), the
inverse Magnus force occurs and can be described in term of
the method of free molecular flow[28]

𝐹MI =−kηd3𝜔0×𝑣, (6)

here, 𝜔0 and 𝑣 represent the vectors of angular velocity and
travelling velocity of a spinning grain, respectively. η is the
density of fluid. k is a coefficient related with the shape of the
grain. The minus sign in Eq. (6) represents the inverse Magnus
effect. In our experiment, the mean free path of neutral gas is
λ ∼ 0.7 mm (P = 10 Pa), the diameter of grain is d ∼ 40 µm,
and the Knudsen number is Kn� 1. Therefore, the description
of fluid dynamical limit is not applicable in this case. Because
the inverse Magnus force acts perpendicularly to the travelling
direction of the grain, it could provide the centripetal force for
the cycloid motion of the grain travelling along the primary
circle. Here, we focus on the case that the vector of angular
velocity of the spinning grain is along the vertical direction,
i.e., the inverse Magnus force acting on the grain is always
along the horizontal plane.

inverse Magnus effect

free molecular
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continuum flow regime
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n

FMI
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Fig. 5. (color online) Schematic diagram of the inverse (normal) Magnus
force 𝐹MI (𝐹MN) acting on a spinning grain. In the free molecular flow
regime, 𝑃 (𝑃 ′) represents the pre-impact momentum (deflected momen-
tum).

The neutral drag force is a resistance force caused by the
collisions with the neutral gas molecules. It damps the mo-
tion of grain. Therefore a driving force is necessary for the
grain to keep moving forward along the orbit. Although the
origin of this unknown driving force is still unclear at present,
we can give some suggestions. 1) It should be related with
the irregularity of the grain, because our comparison experi-
ments with glass and resin microspheres have shown that no
cycloid motion and no circle motion are observed. Several
groups also reported the rotation of nonspherical agglomerate
of microspheres. The rotation of microsphere is observed only
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in a magnetized dust plasma, which is induced by the Lorentz
force.[6,13] 2) This driving force is nondirectional with regard
to the glass ring because both clockwise and counterclockwise
rotations are observed. 3) It should be the same order of mag-
nitude of the neutral drag force because the grain could con-
tinue to move uniformly along the glass ring. In the following
we will neglect the counteractive neutral drag force and driv-
ing force.

3.3. Origin of the primary circle

The cycloid motion of the grain is characteristic of a com-
bination of the primary and the secondary circles. Therefore,
the essential origins of the primary and the secondary circles
are keys to understand the formations of these cycloid motions.

For a charged grain travelling along the primary circle in
a plasma, a persistently centripetal force is required. As is
well known, the Lorentz force and the inverse Magnus force
are characteristic of their transverse action with respect to the
travelling direction of an object. However, no magnetic field
is applied to the charged grain in our experiments. Therefore,
only the inverse Magnus force appears and provides the per-
sistently centripetal force for the rotation of the grain along the
primary circle. Other forces mentioned above cannot provide
persistently centripetal action on the travelling grain. For ex-
ample the horizontal components of the electrostatic force and
ion drag force act only in radial direction due to the rotational
symmetry of the glass ring. Although those forces are not the
origin of the primary circle, they play important role in the
formation of the secondary circle.

The spin of the irregular charged grain is the key to the
cycloid motion via inverse Magnus effect. In order to confirm
these distinctive features of the cycloid motions the pine pollen
has exhibited as shown above, further experiments with glass
and resin microspheres are performed at the same discharge
conditions for comparison (not shown here). No cycloid mo-
tion is observed. Those regular microspheres (less spin) show
behaviours such as the random motion and the crystallization
as other groups observed previously. Therefore, we can draw
a conclusion that the spin of the pine pollen gives rise to the
inverse Magnus force which provides the centripetal force for
the primary circle.

3.4. Origin of the secondary circle

Our observations of the cycloid motions of grains can be
classified roughly into four groups (I)–(IV) as shown by the
diagrams in Fig. 6(b). The equilibrium line L indicates the
position of minimum of the radially confining potential.

glass ring

inside outside

L L

Fr

Fr Fr
Fr

Fr

R

R

FMI

FMI



Fr

(I)

Fr

R

R

FMI

FMI



Fr

(III)

B

A

C

Fr

R

R

FMI

FMI



Fr

(II) (IV)

′′

′

Fr

R

R

FMI

FMI



Fr

′′

′

Fig. 6. (color online) Schematic diagram of the grain trajectories. Solid
lines in panel (a) illustrate the approximate profile of sheath in vertical sec-
tion. Equilibrium line L (dashed line) indicates the position of the minima
value of confining potential. F1 represents the horizontal component of the
radially confining force when the grain is between the equilibrium line L and
the glass wall. Outside this region, it is expressed as F2. Panel (b) shows four
cases of complex trajectories in a horizontal plane. (I), (II), and (IV) show
the hypocycloid motions, and (III) shows the epicycloid motion. FMI rep-
resents the inverse Magnus force. R1 (R2) is the cyclotron radius when the
grain is near (far away from) the glass wall.

For the case (III), the grain meanders near the equilibrium
line L. The centripetal forces at points B and C read:

FcC = FMI +Fr1 =
mv2

R1
, (7)

FcB = FMI +Fr2 =
mv2

R2
. (8)

Here, Fr1 is slightly larger than Fr2 due to the steep sheath near
the glass wall, therefore the cyclotron radii R1 < R2. The pe-
riodical change of the cyclotron radius as the grain travelling
gives rise to the epicycloid trajectory as illustrated by Fig. 2(a).

The centripetal force Fc consists of inverse Magnus force
FMI and radial confinement force Fr as shown by Eqs. (7) and
(8). Fc = mv2/r and Fr = mar can be obtained experimen-
tally from the grain trajectory with high speed camera at the
frame of 1000 fps. Figure 7(a) shows the dependance of the
centripetal force Fc on the time within two cycles. It can be
seen that the centripetal force at point C (case III in Fig. 6)
is FcC = 3.4× 10−11 N, the centripetal force at point B is
FcB=2.7× 10−11 N, FcC > FcB . Obviously, the magnitude of
radially confining forces Fr at points B and C are in accord
with Fc as shown in Fig. 7(b), i.e., |FrC |> |FrB |. Near the equi-
librium line L, as indicated by point A in Fig. 6(b) III, the
radial confinement disappears, Fr = 0, as shown in Fig. 7(b).
In this case, only inverse Magnus force plays the role of cen-
tripetal force, i.e., FcA = FMI. Therefore, we can obtain the
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inverse Magnus force FMI = FcA = 1.44×10−11 N. In Eq. (6),
η ∼ 9× 10−4 kg/m3 at 50 Pa, d ∼ 40 µm, and v ∼ 0.04 m/s
obtained from the trajectory, then we have kω0 'mω2/ηd3 '
5×106 rad/s. Here, if we suppose k ' 5π for the pine pollen,
which is five times than that for a microsphere, the value of
the angular velocity of spin is about ω0 ' 3×105 rad/s. This
value is reasonably larger than that observed by Karasev et
al. (1.2× 104 rad/s) because the pine pollen we used is more
irregular than the hollow transparent glass microsphere they
used. However, experimental detection of such a grain spin-
ning faster is out of the reach of our camera at present.
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Fig. 7. (color online) Dependance of the centripetal force Fc = mv2/r
(a), the radially confining force Fr = mar (m: grain mass, ar: radial
acceleration) (b), and the radial position r (c) of grain on time. These
measured results correspond to the grain outside the ring which follows
the epicycloid trajectory as shown by Fig. 2(a) and Fig. 6(b) III. The
origin of polar coordinate is set to the center of the glass ring. The cap-
itals A–C correspond to those in Fig. 6(b) III. The magnitudes of Fc and
Fr at point B is smaller than that at point C.

The above force analysis is also applicable to the case (I).
However, because the small cyclotron radius R1 is located out-
side the equilibrium line L in case (I), the periodical change
of the cyclotron radius results in the hypocycloid trajectory as
illustrated by Fig. 2(c). Particularly, if the grain is more closer
to the glass wall, Fr1 becomes stronger, the petals would turn
into cusps, which results in the formation of cuspate hypocy-
cloid trajectory as illustrated by Fig. 2(d).

For the case (II), the grain meanders between the equilib-
rium line L and the glass wall. The centripetal forces near and
far away from the glass wall are:

Fc1 = FMI +F ′r1
=

mv2

R1
, (9)

Fc2 = FMI−F ′′r1
=

mv2

R2
. (10)

Obviously, the cyclotron radii R1 < R2. The cyclotron radius
changes periodically as the grain travelling, which results in

the hypocycloid motion. The above analysis is also applicable
to the case (IV). In addition, if we assume F ′r1

' F ′r2
due to

the small radius r2 of the primary circle and add Eq. (9) and
Eq. (10) together, then we have FMI ' (Fc1 +Fc2)/2. From the
measured Fc1 and Fc2 we can obtain that FMI is of the order of
10−11 N.

4. Conclusions and remarks
In this work, we have studied the cycloid motions of ir-

regular grains (pine pollen) in a dusty plasma in a 2D hori-
zontal plane. Hypocycloid motions are observed both inside
and outside the glass ring. Epicycloid motion is observed only
outside the glass ring. The radially confining potential from
the sheath is experimentally measured, which play important
role in the formation of cycloid motions of grains. Based on
the force analysis and the measured trajectories of grain with
high speed camera, the inverse Magnus force is obtained to be
of the order of 10−11 N, and the value of the angular velocity
is of the order of 105 rad/s. The observed cycloid motions of
grains result from the periodical change of the cyclotron ra-
dius near and far from the glass wall. Additional comparison
experiments with regular microspheres are performed in order
to confirmed that the cycloid motions are distinctive features
of a pine pollen immersed in a plasma.

Recently, some studies focused on the Magnus effect in
optical manipulation,[29] in a Bose–Einstein condensate,[30]

and in lattice models of superfluids.[31] They have revealed
that the Magnus force is larger than that predicted by theoret-
ical models and allows one to perform particle trapping. Our
results have also revealed that the Magnus effect an irregular
grain exhibited in plasma environment can not be negligible
and would play important role on the complex motions of the
grains. It is also suggested that these complex motions of ir-
regular grains we observed could be found in fusion reactors
because the grown or sputtered grain could have considerable
angular speed of spin.

In addition, the vector of angular velocity of a spinning
grain is not limited to the vertical direction as we discussed
above. Due to the stochastic initial conditions of a dropped
grain, this vector could point at other directions in three di-
mensional space. This means that the inverse Magnus force
acting on a spinning grain could point out of the horizontal
plane. Therefore, the inverse Magnus force together with the
other forces will give rise to more complex motions of grains
in three dimensional space. This will be the subject of a future
study.
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