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Dusty Plasmas in radio frequency Induction discharge in Magnetic Field
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In the paper a dusty plasmas in RF induction discharge in magnetic field is investigated for the first time. In range
of magnetic induction up to 0.02 T dusty plasma becomes steadily rotating. Angular velocity vector of the structure
is directed opposite to the magnetic induction vector. Dependences of the speed of rotation of the structure and
the average horizontal interparticle distance on the magnitude of the magnetic field were obtained. The direction
of rotation, the resulting linear dependence on magnetic induction and the coincidence with theoretical estimate of
the angular velocity of rotation indicate the action of the mechanism of ion drag force on the dust particles under

experimental conditions.
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Dusty plasma in the form of bulk dust structures in
a magnetic field is a complex object for experimental
study. Only a few papers [2,3] have been published
in the five years since three-dimensional dust structures
were observed in fields up to 2T [1], and almost all of
them are focused on experiments in a dust trap inside a
discharge insert where an extended dust structure cannot
be obtained. Monolayer dust structures are usually ex-
amined in studies in a magnetic field [4-7], and a radio-
frequency (RF) capacitive discharge is used to avoid field
instabilities. Instabilities arising in the magnetic field [8] are
the primary source of problems in production of bulk dust
structures in a DC discharge. For example, the discharge
became asymmetric and the dust trap degraded in [2] in
a field of 0.4—0.6T, and levitation of dust particles was
not observed in [9] in magnetic fields above 0.5T. One
possible solution to the problem of formation of stable dust
structures is the use of a radio-frequency induction (RFI)
discharge.

An RFI discharge was used to create dusty plasma
in experiments [10,11], where dust structures of particles
smaller than 4 um were levitated in a vertical tube with a
diameter sufficiently large for dusty plasma (4 cm). Individ-
ual lightweight (hollow) dust particles with a diameter of
10 um have been observed earlier in a narrow (on the order
of 1cm) discharge chamber in a magnetic field directed
across the inductor axis [12]. Thus, specific conditions in
regard both to the discharge and chamber geometry and to
the parameters of powder for plasma need to be established
in order to produce dusty plasma in a magnetic field under
an RFI discharge.

The aim and application of the present research is the
development of a volumetric dust trap that is stable in a
strong magnetic field. The following issues are tackled
successively: production of bulk dust structures at the
diffuse edge of a plasmoid in an RFI discharge; selection of
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the optimum conditions for stabilization of dusty plasma in
a magnetic field on the order of the electron magnetization;
and monitoring of its rotation velocity, size, and interparticle
distance as functions of the magnitude and direction of
the magnetic induction vector. The observed dynamics
is compared with estimates based on the forces acting
on a dust particle with the use of literature data on RFI
discharges.

In accordance with experiments [10-12], an electrodeless
discharge tube with a variable cross section was designed in
order to optimize the discharge conditions. The total length
of the tube was 60 cm; its upper half had a cross section
with a diameter of 2.6 cm, the lower half was 2.2cm in
diameter, and the thickness of the glass wall was 1.5mm.
Two vacuum valves were soldered to the top of the tube.
The working gas was pumped out and in through the first
valve, and dust particles were supplied (from a container
with bulk powder and a mesh bottom) through the second
one. The lower part of the tube passed freely into the coils
producing the magnetic field. The coils were spaced 7cm
apart, which made it possible to position the inductor at a
chosen section of the tube and perform video monitoring
of the discharge and the process of dust structure formation
with lateral laser illumination. The RF inductor consisted
of two turns of litz wire (21 x 0.07) wound tightly on a
tube at a distance of 12 mm (one turn at each RF generator
output). The generator was constructed based on a GU-
29 lamp in a multivibrator circuit with two outputs with
a common point. UIP-1 was the power source for the
generator. The discharge tube was evacuated to a pressure
of 10~*Torr and subjected to long-term annealing with
an RF discharge in neon. The following conditions were
set in experiments on generation of dusty plasma: neon
was the working gas, the pressure was ~ 0.3 Torr, the
generator frequency was 40 MHz, and the UIP voltage
and current were U = 100—300V and | = 40—100mA,
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Figure 1. Photographic image of a horizontal section of the dust
structure. The conditions are as follows: neon is the working gas,
the pressure is 0.33 Torr, melamine formaldehyde particles 2 ym in
diameter are used, B = 18 mT, and the image width is 2.7 mm.
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Figure 2. Dependence of the angular rotation velocity of the
central section of the dust structure on magnetic induction. The
conditions are the same as in Fig. 1.

respectively. According to our estimates, the power input
into the discharge was no greater than 0.4 W.

In preliminary experiments in zero magnetic field, cali-
brated spherical melamine formaldehyde particles 5um in
size with a density of 1.5 g/cm® were used. Levitation of
particles was not observed when a discharge was initiated
in the upper (wide) part of the tube. A single dust
chain was found in the lower (narrow) part of the tube.
Dust particles were then replaced by smaller particles
(d=2.05+0.05um) of the same density. Under the

same conditions (source voltage U = 100V and a source
current of 80mA), a single dust chain in the upper part
of the tube and a narrow dust structure in the lower
part were observed. This dust structure was examined
experimentally in a longitudinal magnetic field under the
specified conditions.

It was positioned in a uniform magnetic field between
coils. The rotation velocity was measured in the middle
horizontal section of the dust structure, which contained at
least two shells, in order to avoid threshold effects [13]. The
magnetic field was limited to 0.02 T, which corresponds to
the magnetization of electron component we7e = 3, where
we 1s the cyclic frequency and 7e is the time interval between
electron collisions. This exceeds the rotation inversion
magnetic field for bulk dust structures in a neon glow
discharge, allowing one to make a comparison with a dust
trap in a glow discharge [1,3].

The produced dust structure was three-dimensional under
the indicated conditions. It contained up to 30 particles in its
horizontal cross section. Its length in the vertical direction
was close to 3mm (i.e., 10—12 dust layers). The dust cloud
was in a liquid non-filamentary state. The photographic
image of a typical horizontal section is shown in Fig. 1. In
a magnetic field, the dust structure began to rotate with a
negative projection of angular velocity onto the magnetic
induction vector. The bottom part of the structure rotated
slower than the rest of it. The central section of the
structure was illuminated by a horizontal laser plane and
imaged with a video camera from above. Figures 2 and 3
show the dependences of the angular rotation velocity of
the chosen section and the horizontal interparticle distance,
respectively, on magnetic induction.

The following features of the obtained data are worth
noting. Dusty plasma formed easily and remained stable
within the specified magnetic field range. The electrostatic,
gravity, and ion drag forces specify the vertical balance of
forces acting on a particle. The dependence of the angular
velocity on magnetic induction turned out to be linear; in
its direction and trend, it indicates that the magnetic field
acts through ion drag [14]. With axial and radial gradients
of plasma density and electron temperature present, an
alternative rotation mechanism associated with vortex flows
of electrons in a magnetic field [15-17], which induces
rotation in the opposite direction, could be activated, but
it did not manifest itself. Notably, no deviations from the
linear dependence were observed in the region of velocity
inversion under glow discharge conditions (in a field of
about 0.005T) [1,2].

The quantitative interpretation relies on the assumption of
stationary rotation of dust particles under the influence of
ion drag and the Epstein drag force of rarefied gas (when
the mean free path of a gas particle exceeds the size of
a dust particle). The angular rotation velocity of a dust
particle depends linearly on magnetic field and is specified
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Figure 3. Dependence of the horizontal interparticle distance on
magnetic induction. The conditions are the same as in Fig. 1.

by the following expression:
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where 7 = %, z= % is the dimensionless charge of a
particle, zq4 is its charge number, a is the particle radius,
Uir is the ion radial flow velocity, 7; is the interparticle
collision time, vti and vT, are the thermal velocities of
gas ions and atoms, IT is the modified Coulomb logarithm
integrated with the ion velocity distribution function, p is
the gas pressure, Iy is the distance from a particle to the
tube axis, and £ is the accommodation coefficient (on the
order of unity). The rest of notation is standard. Literature
data were used for quantitative assessment [11,18,19]. The
estimate of w = 0.8rad/s corresponding to the conditions
established near a diffuse plasmoid boundary is in good

agreement with the experiment (Fig. 2).

The radial interparticle distance remains unchanged
within the examined range of magnetic induction values.
The obtained interparticle distances (Fig. 3) reveal that the
density of the dust component in the horizontal section
is comparable with the density under glow discharge
conditions with minimal power input.

Thus, dusty plasma has been produced for the first time
under the conditions of an RFI discharge in a magnetic
field. The angular rotation velocity of the dust structure
was measured in magnetic fields up to 0.02T. The angular
velocity vector of the structure was directed opposite to the
magnetic induction vector. The magnetic-field dependence
of the mean radial interparticle distance was determined.
The direction of rotation, the proportionality to magnetic
induction, and the magnitude of angular velocity are
indicative of influence of the ion drag mechanism on dust
particles under the experimental conditions.

The obtained results enable the use of a dust trap in an
RFI discharge for examination of bulk dusty plasma in a
strong magnetic field.
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