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INVESTIGATION OF THE PROPERTIES OF MICROPARTICLES IN THE GLOW DISCHARGE
STRATUM IN A CROSSED ELECTRIC AND MAGNETIC FIELD

Abstract. In this work, the behavior of charged micron-sized particles in the DC glow discharge stratum at low pressure
in a crossed magnetic and electric field was experimentally studied. The experiment was conducted in a vertically oriented
gas-discharge glass tube. A homogeneous magnetic field was created using a two-section Helmholtz coil. The results
showed that the micron-sized dust particles move in the opposite direction to the ExB drift as the magnetic field induction
increases. Once the induction reaches a specific threshold (B>10 mT), the dust particles start rotating and forming counter-
rotating vortex pairs on the horizontal plane. Moreover, it was observed that the shape of the dust structures changes from
a disk to an ellipsoid. The PIV (particle image velocimetry) method was employed to analyze the dust vortices' dynamic
behavior, and the generation of the co-vortex rotation was explained through the dust particles' charge gradient, which
was orthogonal to the ion drag force.
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AVKACKAH DJIEKTP )KOHE MATHUT OPICTEI'T COJIFBIH PA3PSIITAFBI
MUKPOBOJIINEKTEPAIH KACUETTEPIH 3EPTTEY

Anpgarna. By skyMmpicTa ailkackaH MarHMT JXKOHE DJIEKTP OpICiHIOEri TOMEH KBICHIMAAFBI TYPaKTHl TOKTBHI KapKbLI
Pa3psSOBIHBIH CTPAaTACBIHIAFHl MHKPOH OJIIEMJICT] 3apsITajfaH OeJIIeKTepAiH KO3FaJbIChl SKCIICPHMEHTTI Typae
3epTTENiHl. DKCIIePUMEHT BEPTHUKAIBIbl OArbITTaFbl Pa3pAOTHIK IMIBIHBI TYTIKIIEAE KacaiblHABL. biprekTi MarHuT
epici exi ceKIusIIbl [ eMbMTONBI] KaTyIIKaChIHBIH KOMeTiMeH TYBIHIaWpl. MarHuT epiciHiH HHAYKIUACH apTKaH Ke3le
MHUKPOH/BI enmeMi To3anasl Oemmekrep ExB mpeiidine xapama-kapcwl OarbITTa KO3FalIaTHIHBI OalKaimel. MarHuT
opiciHiH HHAYKIUACH Oenrimi Oip mrekrti MoHre XetkeHAe (B>10 mTim) To3aHabr GemnmmexTepi aifHaIMabl KO3FalIbICKa
re OONaTHIHBI JKOHE KOJNACHEH Xa3bIKTHIKTa Oip-OipiHe Kapma-Kapchl OaFbITTaNFaH KYWBIHIBI JKYIITAp TY31IETiHI
Oaiikanmpl. CoHmai-aK To3aHIbI KYPBUTBIMAAPIBIH MilTiHI AUCKIACH IUIAIICOUIKA IeHiH o3repeTiHi 6alikanapl. To3aras!
KYUBIHIapBIHBIH JHHAMUKANBIK KacueTiH 3eprrey yurid PIV (particle image velocimetry) omici Konnaabsuinel. KyHBHHBIH
0ip-0ipiHe Kapama-Kapchl alfHATYBIHBIH ce0e0i HOHIBIK eNiPTy KYIIiHEe OPTOTOHAIBABI TO3aH/IBI OOIIEKTEp 3apabIHBIH
TpagreHTIMEeH TYCIHAIpiIII.

Tipexk ce3nep: >KapKbUT pa3psil, MATHUT ©pPici, KOMIUIEKCTI II1a3ma.
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HCCJIEJOBAHUE CBOMCTB MUKPOYACTHUIL B CTPATE TJIEIOILETO PA3PSIJIA B
CKPEHIEHHOM JJIEKTPUYECKOM U MATHUTHOM I1OJIE

AnHoTanusi. B naHHOH paboTe SKCIIEpUMEHTANBHO HCCIEAOBAHO TIOBEACHUE 3apsDKCHHBIX IIBUIEBBIX YaCTHIL
MHUKpPOHHOTO pa3Mepa B CTpaTe TICIOIIEro pa3psijia HOCTOSHHOTO TOKa IIPU HU3KOM JaBJIEHUH B CKPEIIEHHOM MarHUTHOM
U DIEKTPUYECKOM IIoJIe. DKCIIEPUMEHT IPOBOAMICS B BEPTHUKAJIHHO OPHEHTHPOBAHHOHN Ta3opas3psiiHON CTEKISTHHOW
TpyOKke. OHOPOIHOE MarHUTHOE TI0JIE CO3/1aBaJIOCh C TIOMOIIBIO JIBYXCEKIIMOHHOH Karyiiku [ensMromnbua. Pesyisrarst
MOKa3aJIM, 4YTO C YBEJIMYEHHWEM HWHIYKIUM MAarHUTHOTO IIOJISl TBIJIEBBIE YacCTHIBI MHUKPOHHOTO pa3Mepa JIBHXKYTCS
B HAIIpaBJICHUH, ITPOTUBONONOKHOM npeiidy ExB. Ilpu mocrmkennn mHAyKIpel noporosoro 3Hadenust (B>10 mTum)
IIBUIEBBIE YaCTHUIbI HAYMHAIOT Bpamarhcs ¥ (POPMUPOBATH IPOTHBOBPAIIAIONINECS BUXPEBHIE Iaphl B TOPU30HTAIBHON
wiockocty. Takke OBUIO 3amedeHO, 4TO (hopMa IBUIEBBIX CTPYKTYp MEHSETCs OT JAWCKa A0 sjumnconaa. Jlis
aHaJM3a JUHAMHYECKOTO TOBEJCHHUS IBUICBBIX BUXpel ObUT Mcroib3oBaH Meron PIV (particle image velocimetry), n
BO3HMKHOBEHHE COHAIIPABICHHOTO BPAIEHNsI BUXPEil ObLIO 00BSICHEHO I'PaIMCHTOM 3apsi/ia TbUIEBBIX YaCTHUII, KOTOPBIHA
OPTOTOHAJIEH CHJIE HOHHOTO COTIPOTHBIIEHHUSL.

KaioueBrble ciioBa: TJ'I€IOHII/II71 pa3psia, MarouTHOC I10JIC, KOMIUICKCHAs 1jia3Ma.

Introduction

Dusty plasma refers to a type of plasma that contains electrically charged micro- and/or nanoparticles,
known as dust particles, alongside neutral atoms, electrons, and ions. These dust particles can either enter the
plasma from outside or be generated within it through internal processes. Compared to traditional electron-
ion plasmas, dusty plasmas display several unique and peculiar characteristics, such as strong coupling [1],
dust acoustic waves [2], and instabilities due to ion flux [3]. Furthermore, dusty plasma deviates from the
shielded Coulomb interaction [4], making it a fascinating subject for fundamental research in plasma physics.
Additionally, the significance of dusty plasma research extends to practical applications such as plasma etching,
sputtering technologies in microelectronics, and the production of films and nanoparticles [5-6]. A crucial task
for both fundamental research and practical applications in dusty plasma is to regulate the dynamics of dust
particles through methods such as the use of external electric fields [7], laser manipulation[8], and magnetic
fields[9-10]. In particular, magnetic fields are employed to control the spatial position, degree of ordering, and
motion of plasma-dust structures.

There is significant interest in studying the behavior of dust particles under the influence of crossed
electric and magnetic fields [11-12]. This is particularly relevant for advanced experimental facilities, such as
magnetrons and ion engines for future rockets, which heavily rely on such configurations [13]. When electric
and magnetic fields are crossed, an ExB drift velocity perpendicular to both fields arises, imparting additional
momentum to charged particles including dust particles. The ExB drift is exploited for removing silicon
particles from large-area homogeneous hydrogenated amorphous silicon films. The efficiency of silicon dust
removal is directly proportional to the strength of the external magnetic field [14].

Main provisions

For the first time, rotating dust vortices in a glow discharge stratum were observed.

Materials and Methods (Experimental Part)

To study the properties of microparticles, an experimental setup based on a glow discharge was developed.
In a vertically oriented discharge tube with a diameter of 3 cm, glow discharge plasma is ignited in the
interelectrode space of 60 cm. The following experimental parameters were chosen as optimal: argon gas
pressure of 0.36 torr and discharge current of 1.44 mA. A two-section Helmholtz coil, the axis of which
is perpendicular to the discharge axis, is used as a magnetic field source. The schematic diagram of the
experimental setup is shown in Figure 1.
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Figure 1 — Schematic diagram of the experimental setup. Anode denoted as "A" and the cathode as "K". Arrows are
used to indicate the force lines of both the axial electric field and the magnetic field.

Monodisperse micron-sized dust particles of melamine-formaldehyde are initially inside the tube and fall
downwards during injection with subsequent formation of a dust structure in the glow discharge stratum. It
should be noted that the electric field in the stratum is sufficient to compensate the gravitational force acting
on the dust particles. A Phywe Hall sensor was used to measure the distribution of magnetic field induction.
It was found to be uniformly distributed in the area where the dust particles were being studied. To observe
the dynamics of the dust particles, a solid-state laser was used to illuminate them, and their movements were
recorded using a video camera. Before examining the behavior of the micron particles levitating in the plasma,
let us first focus on the dynamics of the plasma itself, specifically the stratum in which the particles are
suspended (Figure2).

1% mT

(a) In the horizontal plane, the view is from the top.

OmT 3mT 16 mT 19 mT

(b) In the vertical plane, the view is from the side.
Figure 2 — Illustration of the glow discharge stratum in the presence of crossed electric and magnetic fields.
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Once the magnetic field is activated, there is a shift in the spatial position of the stratum that traps the
dust particles, indicating a change in the path of charged particles in the presence of crossed electric and
magnetic fields. The magnetic field exerts a force across the axial electric field, causing plasma particles to
move perpendicularly to both forces. This causes electrons and ions to drift in the direction of the ExB drift. A
clearer visualization of this process can be seen in Figure 3

a)

Figure 3 — Graphic representation of drift of charged particles in a crossed field a) horizontal plane b) vertical plane

Changing the trajectory of charged particles in a crossed field leads to a modification of the dust particle
dynamics in the glow discharge stratum. At first, the dust particles form a disc-shaped crystal structure. However,
when the magnetic field is turned on, they start moving in the direction opposite to the drift. This type of
behavior of nanoparticles has been observed previously in electron resonance plasma with gas SiH4. When the
magnetic field induction in the dust structure reaches about 5 mT, the vortex motion of dust particles begins,
where rotational motions are observed opposite to each other (clockwise (vortex 1) and counterclockwise
(vortex 2)), as shown in Figure 4.To analyze the rotational characteristics, such as the linear velocity of the dust
vortices, the PIV (particle image velocimetry) method was used.
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Figure 4 — Dust vortices in the glow discharge stratum. The direction of dust vortices is shown by an arrow.
a) Processed frames using the PIV method b) Original frames

The PIV method was utilized to automatically determine the linear velocity of rotating particles based on
the velocity map presented in Figure 4, for discharge current values of 1.4 mA. The velocity map indicates
that the dust particles located in the peripheral region of the discharge layer exhibit higher velocity than those
closer to the center, which is consistent with the vortex characteristics. Figure 5 illustrates the relationship
between the linear velocity of rotating vortices along the radius at various magnetic field inductions at 1.4 mA.
It can be observed that the velocity of the vortices increases with an increase in magnetic field induction.
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Figure 5 — The dependence of linear velocities of dust particles in vortices on radial distance

Results and Discussion

Studying the behavior of dust particles suspended in the glow discharge stratum proved to be an intriguing
subject. Upon activation of the transverse magnetic field, various types of dust particle movement can be
observed. It has been noted that for B<10 mT, charged particles such as electrons and ions undergo migration
towards the electric drift. The presence of charge causes heavy micron particles to be expelled in the opposite
direction. As illustrated in the schematic diagram, Figure 6 provides evidence of the formation of rotating
vortices originating from two sources. By superimposing two frames (first frame at 0 mT and second frame
at 8 mT), it becomes clear how the plasma (comprised of ions and electrons) and charged dust particles move
in opposite directions upon activation of the magnetic field. This phenomenon is driven by two mechanisms:
ion drag force and charge gradient. Upon reaching the critical point where B>10 mT, rotating vortices can be
observed rotating in the opposite direction. The schematic diagram in Figure 6 illustrates the direction of the
force, which is perpendicular to the direction of the transverse magnetic field generated by the coil. This causes
the dust vortices to rotate in different directions, which was observed during the experiment. Therefore, it is
anticipated that dust particles would rotate co-directionally in the horizontal plane. Similar behavior has been
observed in a strong magnetic field in the RF discharge, and previous studies have reported that the rotation
of vortices could be attributed to the charge gradient of microparticles, even in the absence of a magnetic field
[16-18].
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Figure 6 — Two primary mechanisms are responsible for the rotation of dust vortices.

Conclusion

In summary, in the experiment, the co-rotational motion of dust vortices in the glow discharge stratum
was recorded in ExB field configuration. The rotational properties were studied using the PIV method, and two
different mechanisms were identified. The orthogonal alignment of the magnetic field direction with ion and
charge gradients created dust vortices rotating in opposite directions from each other in the horizontal plane.
Further theoretical calculations will be necessary to provide a more detailed qualitative analysis, and this will
be a focus of future research.
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