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TUTORIAL PAPERS

Dynamics of fine particles in magnetized plasmas  *

Noriyoshi Sato," Giichiro Uchida, Toshiro Kaneko, Shinya Shimizu, and Satoru lizuka
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. 2@01 American Institute of Physics.
[DOI: 10.1063/1.1342229

I. INTRODUCTION and ions. Even if the magnetic field is weak, the shapes of
. L . . . fine-particle clouds can be modified by the magnetic field.
Plasmas including fine particles are of current interest i

lasma phvsics and enaineerina. We have carried out a seri easurements show that fine-particle clouds rotate in the
b phy 9 9.V . . N&%imuthal direction on the horizontal plane in all ranges of
of experiments on the dynamics of fine particles in

3 . L : the magnetic field, being independent of the shape of the
plasmas:—3 One of our interests in fine-particle plasmas has : : . -

- . . . fine-particle clouds. With an increase of the magnetic field,
been concerned with fine particles in magnetized plasma;

A . M3%ne rotation speed increases, being followed by subsequent
The magnetic field is useful for shape control of fine-patrticle turation. Now we can control the rotation speed and direc-

) i s
fé?:{?shvx]? f?r?(\f er?iilgegggjgai;e?haegerr;ir;t]fg g]]: E;Z'Vn;g;hﬁgn by varying a slope of plasma potential and/or density in
P P l&he radial direction. The results observed are explained by

vertical magnetic field. The results cannot be explained .b)fhe effects of modified ion motions on fine particles in the

the EXB motion of electrons, being contrary to the experi- presence of vertical magnetic field.,

.. 4 o

PStEt onf1 thjjlzlarp%ent ?l' ;I;ihley cibszrvier:j tﬁ ECEaBr ditr) acg :;nd Experimental methods and results obtained are presented
0 otion of iné-particie clougs r ectiol in Sec. II. Section Il contains discussions and conclusions.
when an alternative weak magnetic field was applied in the

direction perpendicular to a dc electric field. Their experi-
mental configuration is different from the configuration used'!- EXPERIMENTS
in our experiments. Following our first observation of the In order to investigate effects of the vertical magnetic
rotation of fine-particle clouds, Konople al. confirmed this  field on fine-particle clouds levitating in plasmas, two differ-
rotation in a rf plasma under a nonuniform magnetic fieldent kinds of experiments have been carried out in low-
provided by permanent magnéts. pressure weakly ionized plasmas. One of the experiments is
Here are presented more details of our experiments oBoncerned with a completely dc configuration, where fine
fine particles in magnetized plasmas. The magnetic fieldparticles are levitated in a diffused plasma. This experiment
which is externally applied in the vertical direction, is varied is concerned with general features of fine-particle clouds in
in (1) weak(= 0.4 kG, (2) strong(0.4-4 kG, and(3) ultra-  plasmas under the vertical magnetic field. The other experi-
strong(4-40 kG ranges. Roughly speaking, in the range ofment is rather specified for detailed measurements of the
the weak magnetic field, electrons are magnetized while iongotation of fine-particle clouds, which is induced by the ver-
are weakly magnetized. In the range of the strong magnetigcal magnetic field, where fine-particle clouds are levitated
field, electrons and ions are magnetized while fine particlesh quite simple configurations of dc and rf discharge plas-
are not magnetized. In the range of the ultra-strong magnetigas. In both of them, the gas used for plasma production is
field, fine particles are magnetized in addition to electronsAr in the pressure range from a few tens to a few hundreds of

mTorr and the plasma density is arouns 10°cm ™2, and
*Paper HI1 2, Bull. Am. Phys. Sod5, 157 (2000. the electron temperature is a few eV. Fine particles used are
"Invited Speaker. spherical with 10um in diameter. We have also used fine
1070-664X/2001/8(5)/1786/5/$18.00 1786 © 2001 American Institute of Physics
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FIG. 1. Standard setup in our experiments on fine-particle plasmas. MAGNETIC FIELD
FIG. 2. Schematic of setup for generation of column-shaped fine-particle
clouds.

particles with different diameters from 0.1 to a few tens of
pum. But, from a qualitative point of view, the phenomena
observed do not depend on the particle diameter. The verticghis profile in the presence of vertical magnetic fiedd

magnetic field is smaller than 0.4 kG in the first experiment\when we have a hill-shaped potential profile in the radial
But, in the second experiment, we can increase the verticafirection under such a situation, fine particles confined radi-
magnetic field up to 40 kG. Fine particles are detected fromy|ly spread into an almost all-vertical region up to a position
the top and side by charge-coupled deviGCD) cameras just below the anode of the MP, as demonstrated in Fig. 3.
detecting laser light scattered by fine particles. Now the vertical spread is much larger than the radial spread
given by the diameter of the levitation electrode, forming the
) ) _ ) shape of a long cylindrical column in the vertical direction.
A standard setup for fine-particle clouds in a diffused  pepending on the conditions, this three-dimensional par-

plasma is shown in Fig. 1, where a plasma is produced by ficle cloud becomes unstable, showing a big dynamic mo-
dc discharge between a mesh cathode and a ring anode. The

anode, the hole of which is often covered by mesh, is
grounded together with the vacuum chamber. The plasma
produced diffuses through the anode into a lower region.
Fine particles are levitated by a levitation electrddésc)

and are confined radially by a confinement electr@aw) in

this region. We have performed various kinds of experiments
under this dc configuration which is modified for the pur-
poses of the experiments® At first, we report the shape
control of fine-particle clouds in the presence of the vertical
magnetic field. Then we present the rotation of fine-particle
clouds, which is ascribed to the vertical magnetic field.

A. Shape control and rotation: Diffused plasma

1. Shape control of fine-particle clouds

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

The radial potential profile can be controlled by chang-
ing the potential difference applied between the two plasmas.
In the vertical direction, there is no appreciable change of FIG. 3. Typical column-shaped fine particle clo(gide view.
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FIG. 4. Vertically aligned fine particleside view of one string Inset: top FIG. 6. Rotation of three strings with vertically aligned fine partidiesp

view. view). The left figure shows a 15-overlappirif.45 9 video frame. The
right figure (lower) shows orbits following fine-particle motions. Inset : top
view at some instant.

tion. Then, there appear fine-particle acoustic waves propa-
gating toward the levitation electrode and/or vortices
associated with “up and down” motions of the particles in the radial distance atB=0.12 and 0.39 kG. It can be found
fine-particle clouds. that the speed is almost proportional to the radial distance.
When the width of the radial potential profile is de- This means that the angular frequency, which is of the order
creased under the double-plasma configuration mentione@f 0.1 rad/s(much larger than the fine-particle cyclotron fre-
above, the column diameter decreases. A further decrease @/ency, is independent of the radial position. The frequency
the profile width, which is provided by decreasing the diam-increases with an increase in the vertical magnetic field. The
eter of the levitation electrode, yields string-shaped verticallyjnterparticle distance is observed to be almost constant dur-
aligned fine particles in a row. As an example of these stringing this rotation.
shaped fine particles, the observation from the side is dem- The rotation is observed for any shape of fine-particle
onstrated in the case of one row of fine particles in the verclouds. The column-shaped fine-particle clouds rotate in the
tical direction(see Fig. 4 They line up with almost equal direction shown in Fig. 3. We cannot observe any rotation in
distance between the neighboring particles in the vertical dithe case of one row of string-shaped vertically aligned fine
rection. The number of rows is observed to increase graduParticles. When the number of the strings is more than 2,
ally, for example, from one to ten or so with an increase inhowever, the vertical strings of fine particles show a clear

the particle number supplied. rotation in the presence of the vertical magnetic field, as
shown in Fig. 6, where we have three vertical strings of fine
2. Rotation of fine-particle clouds particles(top view). The rotation is found to be accompanied

by radial oscillation. The ring-shaped fine-particle clouds,

In this experiment, the weak vertical magnetic fiBldip . . :
. . P which are generated by using a radially segmented electrode
to 0.4 kG is applied to our standard setup in Fig. 1. Although . o . .
for particle levitation and confinement, also rotate in the

the magnetic field applied is weak, there appears an azi-

muthal rotation of fine-particle clouds on the horizontal presﬁ?gero(:fa:igi \;zrtlgiljrsniﬁntitéc f:’rlt?c.;le density. When the
plane. The rotation is in the diamagnetic direction in this P P Y.

) . . ansity is extremely low, there appears no rotation. The ro-
case. In Fig. 5, the rotation speeds are plotted as a function ?ation starts when the density becomes high enough to pro-

vide the strong Coulomb coupling among the particles. The
B=039kG 2T Va(mm/sec) rotation frequency increases with an increase in the particle
density. This means that this rotation is generated in the pres-
ence of the strong Coulomb coupling among the particles
B=0.12 kG 1 under the vertical magnetic field.
L In this experiment, the magnetic field is so weak that
, , . there are no direct magnetic effects on fine-particle orbits,

-10 f(mm) 0 \S\S\Q\O 10 i.e., we can neglect the cyclotron motion of the particles.
' But, there are magnetic effects on electron and ion orbits,
-1} which could be necessary for the rotation of fine-particles
clouds.
—2- B. Rotation: Discharge plasmas
FIG. 5. Rotation speedy as a function of radial distance at vertical .
magnetic fieldB=0.12 and 0.39 kG. Gas pressue220 mTorr, Discharge Here we demonstrate detailed measurements of the rota-
current= 0.5 mA. tion of fine-particle clouds in the presence of the vertical
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FIG. 8. Dependence of angular frequeneyf the rotation as a function of
external potential differenc¥, applied between central disc and outer ring

(b) VA I electrodes with magnetic fieB as a parameter. Gas pressav® mTorr, rf
— h

rotation is in the paramagnetic direction. The angular fre-
quency increases with an increase of the absolute value of
V,. The rotation is observed to stop aroudg=— a few
volts.

The angular frequency is found to increase with an in-
crease in the vertical magnetic field. A dependence of the
angular frequencw on the vertical magnetic fielB is pre-
sented a¥,=15 and—15 V in Fig. 8, whereB is varied up
to 3 kG. We can observe the rotation eveBifs so small as
FIG. 7. Schematic of setups for experiments on fine-particle rotatiof@ in  0.05 KG. In such a small magnetic field, although electrons
dc and(b) rf discharge plasmas. are magnetized, positive ions are only slightly magnetized.

The angular frequency is found to be almost proportional to
B up to 3 kG, where both electrons and positive ions are
magnetic field. The measurements are performed on dc andlagnetized. In order to investigate this rotation for such a
rf discharge plasmas. Experimental configurations are quitgirge value ofB that there is a direct effect d on fine
simple, being different from our standard configuration inparticles,B is increased up to 40 kG. But, it is often quite
Fig. 1. The magnetic field is varied in a wide range from O todifficult to produce stable symmetriewith respect to the
40 kG. Experimental setups used are schematically describegrtical axi plasmas wherB is larger than 10 kG. The
in Fig. 7, where(a) and(b) are setups for dc and rf discharge results in this measurement are presentédyat 10 and—10
plasmas, respectively. In each setup, an upper electrode s in Fig. 9. It is found in this figure that the angular fre-
segmented into two parts. The central part is a transparerfuency saturates whe s larger than 5 kG.
disc electrode, to which an external voltayg is applied The rf powerPy is also changed to learn the effect of the
with respect to an outer ring electrode which is ground toplasma density on the rotation. The results obtained are
gether with the vacuum chamber. Fine particles are levitateghown in Fig. 10. The angular frequency is found to increase
above the lower electrodes for the dc and rf discharges in th@ith an increase in the rf powdsee Fig. 11
radially central region, as schematically shown in Fig. 7. We
can control a radial potential profile by changing , al-
though this is accompanied by a change of plasma density 4
profile. There is a vertical magnetic fieBl which induces
the azimuthal rotation of fine-particle clouds. The same re- ol .
sults have been obtained in both plasmas. Since it is more I o’
difficult to produce a stable symmetric dc discharge plasma
under a very strong magnetic field, we present here the re-
sults only in the case of a rf discharge plasma.

The rotation is found to be very sensitive Y, as -ot S ]
found in Fig. 8, where the angular frequeneyof the rota- | ©0o |
tion is plotted as a function df , with the magnetic field
as a parameter. Wheyi, is negative(the potential of the ‘4(') 1 2 3
central electrode is negative with respect to the ring elec- B [kG]
tl’_Ode, th? rotation is in the dlamf_ignetlc direction, belng Con_-FIG. 9. Dependence of angular frequeneyf the rotation as a function of
sistent with the results for the diffused plasmas described ifhagnetic field up to 3 kG a¢,=15 and—15 V. Gas pressure76 mTorr,
Sec. Il ALl. WhenV, is positive, on the other hand, the rf power=5 w.

oV,=+15V
o] [o) 'OVA=—15V

o [rad/s]
o
Qe
e
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FIG. 10. Dependence of angular frequereyf the rotation as a function of /G- 11. Dependence of angular frequencyf the rotation as a function of

magnetic field up to 10 kG a¥,=10 and —10 V. Gas pressure= 76 rf power P for plasma production a¥,=15, —2.5, and —15 V. Vertical
mTorr, rf power= 2 W. magnetic field= 1.2 kG. Gas pressure 76 mTorr.

vertical magnetic field. It is reasonable to point out that the
lll. DISCUSSIONS AND CONCLUSIONS increase of the angular frequency with the rf power is due to

We have described our measurements of fine particlegn increase of the ion flux toward fine particles. Our recent
levitating in plasmas under the vertical magnetic field. Formeasurements also show that the rotation speed decreases
shape control of fine-particle clouds, the vertical magnetiovith an increase in the background gas pressure. This is due
field is very useful, generating vertically column-shapedto effects of friction forces on ions and fine particles.
fine-particle clouds and string-shaped vertically aligned fine It is important to remark that the rotation is induced
particles. The application of the vertical magnetic field tounder the condition satisfying the strong Coulomb coupling
strongly coupled fine-particle plasmas is always accompaamong fine particles. This could be explained by the fact that
nied by a generation of the rotation of fine particles in thea total force on fine-particle clouds is a sum up of forces on
azimuthal direction on the horizontal plane. individual particles under such a condition.

According to our measurements, this rotation is due to  In order to have a clear image about the mechanism, we
an effect of plasmas on fine particles, which are modified bymust also take account of the finite ion Larmor radius be-
the magnetic field, even if the magnetic field is so strong thacause the rotation appears even when the ion Larmor radius
there is some direct effect of the magnetic field on fine paris larger than the size of the fine-particle clouds. More mea-
ticles. The results show that there is a drastic effedf pbn  surements will be performed to understand the phenomena.
the rotation.V, modifies the radial potential profile, being In conclusion, our experiments demonstrate drastic ef-
also accompanied by a change of the radial plasma-densifgcts of a vertical magnetic field on fine particles levitating in
profile. But, the polarity change of, does not necessarily plasmas. The shape control of fine-particle clouds provides
mean a change of the direction of the radial potential gradiinteresting configurations for future investigations of fine-
ent. Our recent experiment also shows that the direction aparticle plasmas. Detailed features of the fine-particle rota-
the rotation changes when the radial density gradient is retion would be quite useful for understanding characteristic
versed for a fixed relatively flat potential profile in the radial behaviors of fine particles in magnetized plasmas.
direction. Here we have to remark that the potential profile in
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