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TUTORIAL PAPERS

Dynamics of fine particles in magnetized plasmas *
Noriyoshi Sato,† Giichiro Uchida, Toshiro Kaneko, Shinya Shimizu, and Satoru Iizuka
Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan

~Receieved 25 October 2000; accepted 9 November 2000!

Here are presented experiments on fine particles levitating in low-pressure weakly ionized plasmas
under a vertical magnetic field. The magnetic field is useful to provide a vertically long cylindrical
column of fine-particle clouds, yielding even string-shaped vertically aligned fine particles, under
the double-plasma configuration. Measurements show that fine-particle clouds rotate in the
azimuthal direction on the horizontal plane even in such a weak magnetic field that positive ions are
slightly magnetized. With an increase of the magnetic field, the rotation speed increases, being
followed by subsequent saturation. The rotation speed and direction can be controlled by varying
radial plasma potential and/or density profiles. The rotation is induced under the condition that the
interparticle distance is small enough for the strong Coulomb coupling among fine particles. A
mechanism of the rotation could be explained by effects of ion motions on fine particles, which are
modified in the presence of the vertical magnetic field. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1342229#
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I. INTRODUCTION

Plasmas including fine particles are of current interes
plasma physics and engineering. We have carried out a s
of experiments on the dynamics of fine particles
plasmas.1–3 One of our interests in fine-particle plasmas h
been concerned with fine particles in magnetized plasm
The magnetic field is useful for shape control of fine-parti
clouds. We have also demonstrated a generation of azimu
rotation of fine-particle clouds in the presence of a we
vertical magnetic field. The results cannot be explained
the E3B motion of electrons, being contrary to the expe
ment of Fujiyamaet al.4 They observed a clear ‘‘back an
forth’’ motion of fine-particle clouds in theE3B direction
when an alternative weak magnetic field was applied in
direction perpendicular to a dc electric field. Their expe
mental configuration is different from the configuration us
in our experiments. Following our first observation of t
rotation of fine-particle clouds, Konopkaet al.confirmed this
rotation in a rf plasma under a nonuniform magnetic fie
provided by permanent magnets.5

Here are presented more details of our experiments
fine particles in magnetized plasmas. The magnetic fi
which is externally applied in the vertical direction, is varie
in ~1! weak~< 0.4 kG!, ~2! strong~0.4–4 kG!, and~3! ultra-
strong~4–40 kG! ranges. Roughly speaking, in the range
the weak magnetic field, electrons are magnetized while i
are weakly magnetized. In the range of the strong magn
field, electrons and ions are magnetized while fine partic
are not magnetized. In the range of the ultra-strong magn
field, fine particles are magnetized in addition to electro

*Paper HI1 2, Bull. Am. Phys. Soc.45, 157 ~2000!.
†Invited Speaker.
1781070-664X/2001/8(5)/1786/5/$18.00
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and ions. Even if the magnetic field is weak, the shapes
fine-particle clouds can be modified by the magnetic fie
Measurements show that fine-particle clouds rotate in
azimuthal direction on the horizontal plane in all ranges
the magnetic field, being independent of the shape of
fine-particle clouds. With an increase of the magnetic fie
the rotation speed increases, being followed by subseq
saturation. Now we can control the rotation speed and dir
tion by varying a slope of plasma potential and/or density
the radial direction. The results observed are explained
the effects of modified ion motions on fine particles in t
presence of vertical magnetic field.

Experimental methods and results obtained are prese
in Sec. II. Section III contains discussions and conclusio

II. EXPERIMENTS

In order to investigate effects of the vertical magne
field on fine-particle clouds levitating in plasmas, two diffe
ent kinds of experiments have been carried out in lo
pressure weakly ionized plasmas. One of the experimen
concerned with a completely dc configuration, where fi
particles are levitated in a diffused plasma. This experim
is concerned with general features of fine-particle clouds
plasmas under the vertical magnetic field. The other exp
ment is rather specified for detailed measurements of
rotation of fine-particle clouds, which is induced by the ve
tical magnetic field, where fine-particle clouds are levitat
in quite simple configurations of dc and rf discharge pla
mas. In both of them, the gas used for plasma productio
Ar in the pressure range from a few tens to a few hundred
mTorr and the plasma density is around 13108 cm23, and
the electron temperature is a few eV. Fine particles used
spherical with 10mm in diameter. We have also used fin
6 © 2001 American Institute of Physics
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particles with different diameters from 0.1 to a few tens
mm. But, from a qualitative point of view, the phenome
observed do not depend on the particle diameter. The ver
magnetic field is smaller than 0.4 kG in the first experime
But, in the second experiment, we can increase the ver
magnetic field up to 40 kG. Fine particles are detected fr
the top and side by charge-coupled device~CCD! cameras
detecting laser light scattered by fine particles.

A. Shape control and rotation: Diffused plasma

A standard setup for fine-particle clouds in a diffus
plasma is shown in Fig. 1, where a plasma is produced b
dc discharge between a mesh cathode and a ring anode
anode, the hole of which is often covered by mesh,
grounded together with the vacuum chamber. The plas
produced diffuses through the anode into a lower regi
Fine particles are levitated by a levitation electrode~disc!
and are confined radially by a confinement electrode~ring! in
this region. We have performed various kinds of experime
under this dc configuration which is modified for the pu
poses of the experiments.1–3 At first, we report the shape
control of fine-particle clouds in the presence of the verti
magnetic field. Then we present the rotation of fine-parti
clouds, which is ascribed to the vertical magnetic field.

1. Shape control of fine-particle clouds

Here we add an auxiliary dc plasma source below
standard setup in Fig. 1. Now we have a double-plasma c
figuration, as shown schematically in Fig. 2. The plasma p
duced below also diffuses upward into the experimental
gion for fine-particle levitation. It can be found in Fig. 2 th
the diameter of the auxiliary plasma~AP! is larger than that
of the main plasma~MP!. Applying an external potential to
the AP with respect to the MP, we have two diffusing pla
mas with different potentials in the radial direction, whic
are well separated radially in the presence of vertical m
netic field.

The radial potential profile can be controlled by chan
ing the potential difference applied between the two plasm
In the vertical direction, there is no appreciable change

FIG. 1. Standard setup in our experiments on fine-particle plasmas
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this profile in the presence of vertical magnetic fieldB.
When we have a hill-shaped potential profile in the rad
direction under such a situation, fine particles confined ra
ally spread into an almost all-vertical region up to a positi
just below the anode of the MP, as demonstrated in Fig
Now the vertical spread is much larger than the radial spr
given by the diameter of the levitation electrode, forming t
shape of a long cylindrical column in the vertical directio

Depending on the conditions, this three-dimensional p
ticle cloud becomes unstable, showing a big dynamic m

FIG. 2. Schematic of setup for generation of column-shaped fine-par
clouds.

FIG. 3. Typical column-shaped fine particle cloud~side view!.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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tion. Then, there appear fine-particle acoustic waves pro
gating toward the levitation electrode and/or vortic
associated with ‘‘up and down’’ motions of the particles
fine-particle clouds.

When the width of the radial potential profile is d
creased under the double-plasma configuration mentio
above, the column diameter decreases. A further decrea
the profile width, which is provided by decreasing the dia
eter of the levitation electrode, yields string-shaped vertica
aligned fine particles in a row. As an example of these stri
shaped fine particles, the observation from the side is d
onstrated in the case of one row of fine particles in the v
tical direction ~see Fig. 4!. They line up with almost equa
distance between the neighboring particles in the vertical
rection. The number of rows is observed to increase gra
ally, for example, from one to ten or so with an increase
the particle number supplied.

2. Rotation of fine-particle clouds

In this experiment, the weak vertical magnetic fieldB up
to 0.4 kG is applied to our standard setup in Fig. 1. Althou
the magnetic field applied is weak, there appears an
muthal rotation of fine-particle clouds on the horizon
plane. The rotation is in the diamagnetic direction in th
case. In Fig. 5, the rotation speeds are plotted as a functio

FIG. 4. Vertically aligned fine particles~side view of one string!. Inset: top
view.

FIG. 5. Rotation speedvd as a function of radial distancer at vertical
magnetic fieldB50.12 and 0.39 kG. Gas pressure5 220 mTorr, Discharge
current5 0.5 mA.
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the radial distancer at B50.12 and 0.39 kG. It can be foun
that the speed is almost proportional to the radial distan
This means that the angular frequency, which is of the or
of 0.1 rad/s~much larger than the fine-particle cyclotron fr
quency!, is independent of the radial position. The frequen
increases with an increase in the vertical magnetic field. T
interparticle distance is observed to be almost constant
ing this rotation.

The rotation is observed for any shape of fine-parti
clouds. The column-shaped fine-particle clouds rotate in
direction shown in Fig. 3. We cannot observe any rotation
the case of one row of string-shaped vertically aligned fi
particles. When the number of the strings is more than
however, the vertical strings of fine particles show a cle
rotation in the presence of the vertical magnetic field,
shown in Fig. 6, where we have three vertical strings of fi
particles~top view!. The rotation is found to be accompanie
by radial oscillation. The ring-shaped fine-particle cloud
which are generated by using a radially segmented elect
for particle levitation and confinement, also rotate in t
presence of the vertical magnetic field.

The rotation depends on the particle density. When
density is extremely low, there appears no rotation. The
tation starts when the density becomes high enough to
vide the strong Coulomb coupling among the particles. T
rotation frequency increases with an increase in the part
density. This means that this rotation is generated in the p
ence of the strong Coulomb coupling among the partic
under the vertical magnetic field.

In this experiment, the magnetic field is so weak th
there are no direct magnetic effects on fine-particle orb
i.e., we can neglect the cyclotron motion of the particl
But, there are magnetic effects on electron and ion orb
which could be necessary for the rotation of fine-partic
clouds.

B. Rotation: Discharge plasmas

Here we demonstrate detailed measurements of the r
tion of fine-particle clouds in the presence of the vertic

FIG. 6. Rotation of three strings with vertically aligned fine particles~top
view!. The left figure shows a 15-overlapping~0.45 s! video frame. The
right figure~lower! shows orbits following fine-particle motions. Inset : to
view at some instant.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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1789Phys. Plasmas, Vol. 8, No. 5, May 2001 Dynamics of fine particles in magnetized plasmas
magnetic field. The measurements are performed on dc
rf discharge plasmas. Experimental configurations are q
simple, being different from our standard configuration
Fig. 1. The magnetic field is varied in a wide range from 0
40 kG. Experimental setups used are schematically descr
in Fig. 7, where~a! and~b! are setups for dc and rf discharg
plasmas, respectively. In each setup, an upper electrod
segmented into two parts. The central part is a transpa
disc electrode, to which an external voltageVA is applied
with respect to an outer ring electrode which is ground
gether with the vacuum chamber. Fine particles are levita
above the lower electrodes for the dc and rf discharges in
radially central region, as schematically shown in Fig. 7. W
can control a radial potential profile by changingVA , al-
though this is accompanied by a change of plasma den
profile. There is a vertical magnetic fieldB which induces
the azimuthal rotation of fine-particle clouds. The same
sults have been obtained in both plasmas. Since it is m
difficult to produce a stable symmetric dc discharge plas
under a very strong magnetic field, we present here the
sults only in the case of a rf discharge plasma.

The rotation is found to be very sensitive toVA , as
found in Fig. 8, where the angular frequencyv of the rota-
tion is plotted as a function ofVA with the magnetic fieldB
as a parameter. WhenVA is negative~the potential of the
central electrode is negative with respect to the ring e
trode!, the rotation is in the diamagnetic direction, being co
sistent with the results for the diffused plasmas describe
Sec. II A1. WhenVA is positive, on the other hand, th

FIG. 7. Schematic of setups for experiments on fine-particle rotations in~a!
dc and~b! rf discharge plasmas.
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rotation is in the paramagnetic direction. The angular f
quency increases with an increase of the absolute valu
VA . The rotation is observed to stop aroundVA52 a few
volts.

The angular frequency is found to increase with an
crease in the vertical magnetic field. A dependence of
angular frequencyv on the vertical magnetic fieldB is pre-
sented atVA515 and215 V in Fig. 8, whereB is varied up
to 3 kG. We can observe the rotation even ifB is so small as
0.05 kG. In such a small magnetic field, although electro
are magnetized, positive ions are only slightly magnetiz
The angular frequency is found to be almost proportiona
B up to 3 kG, where both electrons and positive ions
magnetized. In order to investigate this rotation for such
large value ofB that there is a direct effect ofB on fine
particles,B is increased up to 40 kG. But, it is often qui
difficult to produce stable symmetric~with respect to the
vertical axis! plasmas whenB is larger than 10 kG. The
results in this measurement are presented atVA510 and210
V in Fig. 9. It is found in this figure that the angular fre
quency saturates whenB is larger than 5 kG.

The rf powerPrf is also changed to learn the effect of th
plasma density on the rotation. The results obtained
shown in Fig. 10. The angular frequency is found to incre
with an increase in the rf power~see Fig. 11!.

FIG. 8. Dependence of angular frequencyv of the rotation as a function of
external potential differenceVA applied between central disc and outer rin
electrodes with magnetic fieldB as a parameter. Gas pressure576 mTorr, rf
power55 W.

FIG. 9. Dependence of angular frequencyv of the rotation as a function of
magnetic field up to 3 kG atVA515 and215 V. Gas pressure576 mTorr,
rf power55 W.
 license or copyright; see http://pop.aip.org/pop/copyright.jsp
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III. DISCUSSIONS AND CONCLUSIONS

We have described our measurements of fine parti
levitating in plasmas under the vertical magnetic field. F
shape control of fine-particle clouds, the vertical magne
field is very useful, generating vertically column-shap
fine-particle clouds and string-shaped vertically aligned fi
particles. The application of the vertical magnetic field
strongly coupled fine-particle plasmas is always accom
nied by a generation of the rotation of fine particles in t
azimuthal direction on the horizontal plane.

According to our measurements, this rotation is due
an effect of plasmas on fine particles, which are modified
the magnetic field, even if the magnetic field is so strong t
there is some direct effect of the magnetic field on fine p
ticles. The results show that there is a drastic effect ofVA on
the rotation.VA modifies the radial potential profile, bein
also accompanied by a change of the radial plasma-den
profile. But, the polarity change ofVA does not necessaril
mean a change of the direction of the radial potential gra
ent. Our recent experiment also shows that the direction
the rotation changes when the radial density gradient is
versed for a fixed relatively flat potential profile in the rad
direction. Here we have to remark that the potential profile
the radial region of particle levitation is always hill-shape
being almost independent of the polarity and absolute va
of VA . The potential and density profiles are modified byVA

outside this region of particle levitation.
A mechanism of the rotation could be explained by ta

ing account of ion trajectories modified by the magne
field. In general, there might be two effects of the modific
tion of ion trajectories. One of them is a change of the
drag force on fine particles. There appears an azimuthal
drag force in our plasmas because there are plasma pote
and density gradients under the vertical magnetic field. T
other is a change of the potential structure around the
ticles, which also has an effect on fine-particle motions in
azimuthal direction. Our results up to now could be und
stood by the azimuthal ion drag force due to the rad
plasma potential and density gradients in the presence o

FIG. 10. Dependence of angular frequencyv of the rotation as a function of
magnetic field up to 10 kG atVA510 and210 V. Gas pressure5 76
mTorr, rf power5 2 W.
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vertical magnetic field. It is reasonable to point out that t
increase of the angular frequency with the rf power is due
an increase of the ion flux toward fine particles. Our rec
measurements also show that the rotation speed decre
with an increase in the background gas pressure. This is
to effects of friction forces on ions and fine particles.

It is important to remark that the rotation is induce
under the condition satisfying the strong Coulomb coupl
among fine particles. This could be explained by the fact t
a total force on fine-particle clouds is a sum up of forces
individual particles under such a condition.

In order to have a clear image about the mechanism,
must also take account of the finite ion Larmor radius b
cause the rotation appears even when the ion Larmor ra
is larger than the size of the fine-particle clouds. More m
surements will be performed to understand the phenome

In conclusion, our experiments demonstrate drastic
fects of a vertical magnetic field on fine particles levitating
plasmas. The shape control of fine-particle clouds provi
interesting configurations for future investigations of fin
particle plasmas. Detailed features of the fine-particle ro
tion would be quite useful for understanding characteris
behaviors of fine particles in magnetized plasmas.
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