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Normal M ode Dynamics of Yukawa Balls
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Finite dust clusters consist of a small number of dust mpnesesN immersed in a
gaseous plasma environment. Recently, the formation cérggi 3D clusters, so-called
Yukawa balls, has been achieved by special discharge coafiigus [1]. There, the particles
of the Yukawa ball macroparticles form an "onion” shell stire. Within each shell they
form a hexagonal structure with some 5-fold defects duedativature of the shell surface.
The Yukawa ball is confined in a weak recombining plasma whietkes direct measure-
ments of the plasma parameters difficult. Thus, the indiresasurements are needed.

In this paper, we will focus on the dynamics of Yukawa ballse Will calculate the
normal modes and assess with their help the basic systencphgarameters: the particle
charge),; and the confinement strength (a free oscillation freque@ gngle particle in
a confinement),. The experimental setup is analogous to the one used in [i§.ekperi-
ments have been performed in an asymmetric capacitivelyleduf-discharge operated in
argon at 13.56 MHz. 3.4/m in diameter plastic spheres have been dropped into a plasma
from a "salt shaker” at the top of the plasma chamber. Therseb®f the experimental setup
and the confinement of a Yukawa ball are presented in Fig. fuaAre glass box on the lower

electrode forms the plasma profile and provides the laterdimrement for the enclosed dust
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Figure 1: a) Scheme of the experimental setup. b) Yukaweacbalfinement scheme.
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Figure 2: a) 3D particle trajectories in the 10-particle Juka ball b) Radial diagram (ver-
tical dust particle coordinate (Z) vs. radial horizontakion (v X2 + Y?2)) of the same

trajectories showing one-shell structure.

cloud. The particles are trapped in the center of the glagswieere the plasma-induced
electric field force together with a thermophoretic forceitites the microspheres against
the gravity.

Three high-speed synchronised cameras were placed ugbeanigle to each other. Tra-
jectories of dust particles constituting a Yukawa ball dveeyved and recorded here with the
help of this stereoscopic system. Unlike 2D systems whesearme CCD camera is applied,
the study of Yukawa Ball dynamics is more complicated dudéorteed to use two or three
CCD cameras [2]. This increases a potential error of recoctstd dust particle coordinates
due to the necessity of identifying corresponding parsictedifferent cameras and taking
into account calibration camera errors. For normal moddyaisa this reconstruction er-
ror should be smaller than a characteristic length of thepaeticle motion, therefore an
accurate coordinate retrieving method has to be applidil (FBowever, the experimental
investigation of thermal motion of Yukawa Ball particlesokgreat interest because it al-
lows to investigate low frequency normal modes. Normal nsqo@vide an indispensable
diagnostic of cluster dynamics successfully studied eaelig. in 2D dust crystals [4].

We will discuss here experiments on a Yukawa ball vilthmicropatrticles. In Fig. 2 the
one-shell structure of this Yukawa ball is presented. Tkemstructed trajectories of the 10
particles are presented in Fig. 2(a). The thermal partialetdhtions are clearly seen here.
The normal modes are obtained as the solution of the eigamyabblem for the dynamical
matrix ([4]):
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whereFE is the cluster potential energy, = |7;| here is the distance of thith particle from
the center of the confinement ang = |r; — 7| is the distance between the particlesd.
For the 3D case, ; stands for the:, y andz coordinate of théth particle and the pairs, o/
consecutively number all possible pairs from these coatdi

The eigen values and eigen vectors of the dynamical matsgrdee the normal mode os-
cillations of the finite clusters. The eigen values are tladllasion frequencies and the eigen
vectors describe the mode oscillation patterns. Therg/sireormal modes in a Yukawa ball
of N particles.

Experimentally, the normal mode spectra are obtained fraburier transform of the

projected particle velocities in mode numbder 1...3N by (see e.g. [4] for details)

Here,v (t) = SN, 4(t) - €, are the projections of Brownian particle fluctuations wigh v
locitiesv; around their equilibrium positions onto the normal modegrase; , of the mode
¢. Three chosen normal modes, the "breathing” mode, rotatiahone of three sloshing
modes, of the 0-particle crystal are shown in Fig. 3(a-c). These modestaenaitural ex-
tension of corresponding 2D normal modes to the 3D case. dia¢ion and the sloshing
mode frequencies are independent on the screening lengtiiror pure Coulomb interac-
tion in a 3D cluster the frequency of the breathing mode is= v/3w,. With increasing
screening of dust particles by an ambient plasma the frexyuehthe breathing mode in
Yukawa ball also increases.

The spectral power density,(w) of the 10-particle Yukawa ball is shown in Fig. 3(d).
The confinement strengthy, is found from the fit of the theoretical normal mode frequerci
(shown as black circles) to the experimental mode spectrbrom that the confinement
strength was obtained as, = 1.9s~!. Then, the particle charge is obtained, @s =
1500e. This result is in best agreement with the results from reegperiments ([5],[6])
and calculations. The experimental spectrum power isapatally distributed within the
three experimental sloshing modes (not shown in the figUite)ls confirms the isotropy the
confinement potential.

Summarizing, the trajectories of dust particle forming afile Yukawa ball have been

experimentally determined with high enough accuracy ferribrmal mode analysis. The
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Figure 3: The normal mode patterns and the power spectruhedfa-particle Yukawa ball:
a) the "breathing” mode, b) rotation and c) one of three stggimodes. The numbers are
the corresponding normal mode frequencies the units of the confinement strength.

d) power spectrum of the 10-particle crystal. Black cirgd&mnd for the theoretical normal

mode frequencies.

experimental normal modes have been calculated and igaésti. The main physical pa-
rameters, the particle charge and the confinement strengite, determined. The found

parameters are in a very good agreement with other expetahresults.
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