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ANALYSIS OF ROTATIONAL MOTION OF DUSTY STRUCTURES
IN A MAGNETIC FIELD

Abstract. This article presents the results of experiments on the effect of an external
magnetic field created by the Helmholtz coil on the dust structures, which were suspended in the
strata of a direct current glow discharge.Observations were carried out in three regions (between
the coils (Il region), under the coil (111 region), and above the coil (I region)). An interesting be-
havior of dust structures in the stratum was discovered, which was not previously reported in
similar works. The dust structure rotates clockwise above the coil and counterclockwise under
the coil, while the dust structure located between the coils does not rotate.Monodisperse mela-
mine formaldehyde particles were used as dust particles. The experimental data were processed
using the PIV (particle image velocimetry) method at different magnetic field inductions in dif-
ferent areas.An interpretation was proposed that the rotation of dusty structures is due to the in-
fluence of the component of the Lorentz force arising from the axial component of the electric
field and the radial component of the magnetic field.

Keywords: DC glow discharge, plasma, magnetic field, method of particle image veloc-
imetry (PIV).
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MAT'HUT OPICIHAEI'T TO3AH/IbI K¥PbLJIbIMHbBIH
ANHAJIMAJIBI KO3TF'AJIBICBIH CAPAJIAY

AnHoTauus. byn xymeicta ['eIbMrosbll mapFbICHIHAH TYBIHAAWTBIH MarHUT OPICiHIH
OCepiHIH TYPaKThl TOKTHI COJIFBIH pa3psij] CTpaTachIH/A LTiHIeH TO3aHIbI KYPBUIBIMFA SCEPiHiH
SKCHEPUMEHTTIK  HOTIDKeNepi  KepceTireH. 3epTTey IIAprblHBIH ~ OpTAachblHIA  KOHE
YCTIHTI/TOMEHI aliMarbiHaa Kyprisziai. CrpaTamarbl TO3aHJbl KYPBUIBIMHBIH YKCac 3€pTTey
KYMBICTapblHAa OalKanblHOAFaH €peKIle KO3FaJIbICHl OalKaJbIHABL. 3epTTey HOTHXKecl
OOlbIHIIA TO3aH/Bl KYPBUIBIM IIAPFBIHBIH YCTIHIT aiMarblHAa caraT Tiinl OOMbIHIIA, TOMEHTi
aliMarplH/Ia caFaT TUTIHE Kapama-Kapchl aiHaJIMallbl KO3FalbICKa Me 0ojca, al ImapFbIHBIH
OpTaChIHA TO3aH/bl KYPBUIBIMHBIH alfHAIMAIbl KO3FAIIbICHI OaliKainbpiHOaabl. TozaH el Oesmiek
peTiHae MOHOAMCHEPCTI MelaMUHGpOpPManbAerua Oejmeri KOJIJaHbUIABL. Op TYpil MarHut
OpICIHJIETI aNbIHFaH YKCIEPUMEHT JepekTepi amblk TypaeriMatLAB Oarnapnamachl HeriziHae
xacakrtanran PIV omici apKeiibl aHanmu3 skacalblHAbL. TO3aHIBl KYPBUIBIMHBIH aiHaIMallbl
KO3FaJIbICBl ~ 3JIGKTP  OpICIHIH  aKCHalbAbl  KYpaylIbIChl ~ JKOHE  MarHuT  epiciHiH
panuaibAbIKYpaylIbIChl HOTHXKeCiHAe naiiaa 6onateiH JlopeHn kyiHiH ceOebiHiH cangapbiHaH
JiereH 00oJKaM YChIHBUIIBL.

Tyiiin ce3aep:TypaKThl TOKTHI ra3AbIK pa3psad, MarHut epici, PIV amici
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AHAJIM3 BPAINATEJIBHOT'O IBU/KEHU A
IBIJIEBBIX CTPYKTYP B MAI'HUTHOM I10JIE.

AHHoTanms. B naHHOI cTaThe NMpencTaBleHbl Pe3yIbTaThl SKCIEPUMEHTOB 110 BIUSHUIO
BHEIIIHETO MarHUTHOTO TIOJIS, CO3JaBa€MOro KaTyIIKOW [ enpMrossia, Ha NBIJIEBYIO CTPYKTYPY,
MOJBEIIEHHYIO B CTpaTax TJICIOIIEr0 pa3psiia MOCTOSHHOro Toka. HabmropeHus: npoBoaninch B
Tpex obnacTsax (MeXIy KaTylIKaMu, MMOJ KaTyIIKoH W Haj KaTymkoi). OOHapykeHO HHTepec-
HOE MOBEJICHUE MBUIEBBIX CTPYKTYP B CTpaTe, 0 KOTOPOM paHee He cOOOIIanoch B aHAJIOTMYHBIX
paborax. IIputeBas cTpyKTypa BpallaeTcs IO YacOBOW CTPEJIKE HaJ KaTYIIKOH U MPOTUB Yaco-
BOH CTpeNKH MOJ| KaTyIIKOH, B TO BpeMsl Kak IMbUIeBasi CTPYKTYpPa, pacloioKeHHast MeXay Ka-
TylIKaMu, HC BpaliacTcCs. B kauecTBe NBIIEBBIX 4JacTull UCIOJIb30BaAJIM MOHOJHUCIICPCHBIC Ya-
CTHIIBI MeaMuH(pOpMalbIeruaa. DKCIepUMEeHTaIbHbIE TaHHBIe 00padaThiBaIiCch MeTOIOM PIV
(particleimagevelocimetry) na ocuoBe mporpammuoro obecrnedennss MATLAB ¢ OTKPBITBIM
JOCTYIIOMIPHU Pa3IMYHOM MHIYKIIMM MarHUTHOTO IOJISA B pa3HbIX 00yacTsaX. bbuia npemioxeHa
WHTEPIPETALHs], COTIACHO KOTOPOil BpallleHHE MBIIEBBIX CTPYKTYP 00OYCIIOBICHO BIUSHHEM CO-
CTaBJSIIOLIEH cuiibl JIopeHla, BO3HUKAIOIMIEH M3 aKCHUAJIbHON COCTaBISIOIIEH 3IIEKTPUYECKOTO

MOJIS1 ¥ PaAuaibHON COCTABISAIOIIEH MAarHUTHOTO MOJIS.
KuaroueBrble ci10Ba: TICIOIIMN pa3ps, 1a3Ma, MarHutTHoe moiie, PIVMeron

Introduction

Plasma with charged microparticles (dust
particles) is formed in  technological
installations for etching, sputtering, deposition
and synthesis of nanoparticles [1-2], in the wall
region of experimental installations for
controlled thermonuclear fusion [3] and in
various installations for laboratory studies of
processes and properties dusty plasma [4].1t is
an interesting and necessary task to study dusty
plasma under various influences. One such
action, a magnetic field, is used to control dusty
structures in a plasma system.The first
application of such exposure is associated with
the removal of dust particles from technological
installations.Currently, several scientific centers
around the world are engaged in research using
a magnetic field in a dusty plasma. The Univer-
sity of lowa with the DPD device in [5] and the
University of Kiel with the Matilda 11 device [6]
are actively involved in research activities. They
used weak magnetic fields of 10 to 20 mT to
control the properties of the plasma. In these
studies, the magnetic field was not considered to
have a direct effect on the microparticles.At the
same time, this magnetic field expanded the ar-

15

ea in the plasma where microparticles could get
trapped. In addition to these studies, experi-
ments were also carried out in which a magnetic
field was used to indirectly affect a cloud of
suspended particles.This was the case in the ex-
periments of Nunomura from Japan. In a study
by Nunomura et al. [7] an axial magnetic field B
= 87.5mT was applied to dusty plasma with
electron cyclotron resonance at low pressure (p
= 3.1 x 10-4 Torr). Here, the entire cloud was
observed to participate in global rotation, which
appears to be due to E x B ion drift. A similar
effect appears in experimental observations car-
ried out by Sato and colleagues, it was reported
that at magnetic field strengths upto B =1 T,
but at much higher neutral gas pressures p = 70-
220mTorr [8]. As in Nunomura's experiments, a
general rotation of the dusty plasma cloud was
observed when exposed to a magnetic field.It is
noted that other groups have made similar ob-
servations, including studies of: rotating dust
clusters reported by Cheung [9] (magnetic field
strength 10 mT), rotating dust rings reported by
Konopka (magnetic field strength 15 mT) [10],
rotating dust structuresreported by KarasevV.Yi
(magnetic field strength 40 mT) [11] and toroi-
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dally rotating dust structures in the anode plas-
ma reported byPiel et al. (magnetic field
strength 60 mT) [12].

As shown above, in most research centers
a high-frequency discharge is used to generate
plasma, since plasma instability is not observed
in such types of discharge. In this work, a strati-
fied DC glow discharge in a glass tube was used
as the type of discharge. Plasma instabilities of-
ten appear during such discharges. Accordingly,
a glow discharge is considered an inconvenient
type of discharge in a magnetic field. A narrow-
ing current channel (insert) is often used to sup-
press instabilities, such as oscillation of stria-
tions. The insertis located inside the discharge
tube. A distinctive feature of this work is that by
changing the discharge parameters, we found
the optimal discharge condition without an in-
sert, where instability does not manifest itself
during the experiment in a magnetic field. The
experiment investigated the rotational motion of
dust structures in the horizontal plane. Pro-
cessing of experimental data was carried out
using the PIV (particle image velocimetry)
method based on MatLab software that is in the
public domain [13].

Experimental setup

To study the effect of a magnetic field on
duststructures in a DC glow discharge, an ex-
perimental setup was created schematically

shown in Fig.1.
-
Dust

structures

Figure 1. Experimental setup

The experimental setup is a vertically oriented
discharge tube.We used argon gas to fill the
tube.When voltage is applied from a high-
voltage power source to the electrodes, a strati-
fied glow discharge (plasma) is ignited. The
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strata act as a dust trap, since the electric field is
strong enough to compensate for the gravita-
tional force. Dust particles that are in the con-
tainer, which is located on the upper side of the
tube, falling downward forms a dust structures
in the stratum.Dust particles are illuminated
with a solid-state green diode laser and their
movement is recorded in the CCD camera.The
magnetic field was created using a Helmholtz
coil. The highest value of the induction of the
longitudinal magnetic field, equal to 23 mT, at
which the standing striations were preserved,
was obtained by us for a discharge into argon at
low pressures and at low currents.Parameters of
experiment are given below.Plasma parameters
were determined using a Langmuir probe.

Pressure of gas 0.23 torr
Current 1.3 mA
Induction of magnetic field 0-23 mT
Concentration of plasma parti- 10715 m”-
cles 3
Temperature of electrons 4eV
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Processing and analysis of experimental
data

Particle Image Velocimetry (PIV) is a
well-known dusty plasma technique that is used
to process and analyze experimental data.The
essence of the method is to measure the average
motions of a group of particles by comparing a
pair of images separated in time by a known in-
terval.Video captured on an CCD camera (25
frames per second) is split into several frames
viaVirtualDub program. Each experimental
measurement was taken in 10 seconds and pro-
cessed using a publicly available method.After
processing the method, we can obtain a qualita-
tive analysis of the experimental data. Also we
can determine the rotational property (angular
velocity, vector direction, displacement and oth-
er characteristics). For example, Figure 2 shows
the original file and the file after processing by a
known publicly available method. As can be
seen from the figure, the characteristic of the
rotational motion of dust structures in the hori-
zontal plane is clearly shown.




Figure 2. Frames before and after processing

Results of experiment & Discussion

The observations were carried out in three
configurations of the magnetic field: below/
above the coils (I and 111 regions) and between
the coils (the second region). When the magnet-
ic field was turned on, the dust particles in re-
gions | and Ill had a rotational motion in the
horizontal plane. Clockwise and counterclock-
wise motions were observed in regions | and 11,
respectively, while the dust structure in region II
did not rotate. In this article, using the method,

0 mT (original file)

0 mT (original file)

the first and third regions were processed, since
in these regions the dynamic behavior of dust
structures is observed.As can be seen from the
Figure 3, with an increase in the magnetic field
induction, the angular velocity of dusty struc-
tures increases in both regions.It can also be
seen that the dusty structure does not rotate as a
solid, since different rotational properties are
observed in different radial segments.The max-
imum angular velocity reaches 6 px/frame at 23
mT.Table 2 shows the values of the angular ve-
locities and sizes of dust particles at different
induction of the magnetic field for all regions. It
was also observed that the size of the dust struc-
tures changes in the first and third regions with
increasing magnetic field. But in the second re-
gion, that is, between the coils, where the mag-
netic field lines are parallel, the size of the dust
structures does not change.

23 mT
Figure 3. Rotational motion of dust structures processed using the PIV methodin the | and 111 re-
gions. On the left corner is an indicator of the angular velocity value.

Table 2. Dependence of angular velocity (rad/s) andsize of dust structure (cm) on induction of mag-

netic field(mT) at different region

B 0 5.7 10 15 19 23
(mT)
| region 0 0.06 0.14 0.19 0.25 0.27
(negative) 12 12 13 14 15 16
Il region 0 0 0 0 0 0
1.4

11 region 0 0.08 0.2 0.28 0.3 0.44
(positive) 1.2 1.1 1.2 1.3 1.4 15
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Magnetic induction B can be considered
as the sum of longitudinal By (vertically along
the tube) and transverse components By.The
rotational movement took place in crossed elec-
tric and magnetic fields; where the radial com-
ponent of the ion flux, which is deflected in the
vertical magnetic field leads to the appearance
of the azimuthal force of ion drag [14].In the
first and third region, the magnetic field has a
radial component. In the first region, the mag-
netic field is directed from the center to the
wall, and in the third from the wall to the cen-
ter.Therefore, in regions | and 111, the duststruc-
ture rotates in opposite directions. The reasons
for the absence of rotational motion in region 1l
are associated with the fact that the lines of the
magnetic field and the directional velocity of
charged particles do not intersect.

Conclusion

The dust structures in the first and third
regions were in different configurations of the
magnetic field lines. In the first region, the
magnetic field lines diverge from the center of
the tube, and in the third region they converge
to the center. Therefore, dust structures in these
areas rotate in opposite directions. The rotation-
al motion of dusty structures occurs due to the
flow of ions which has a different direction due
to the configuration of the magnetic field. Using
the PIV method, it was found that the angular
velocity increases with increasing magnetic
field. Also, the size of dust structures was de-
termined for different regions at different mag-
netic field inductions.

The work was done with the support of
the Ministry Education and Science of Republic
Kazakhstan in the framework of the grant
AP08855651 «Investigation of structural and
kinetic properties of dusty plasma in a glow dis-
charge in electric and magnetic fields (2020-
2022 rr.)»
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