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Plasma crystals can serve as powerful model systems for the investigation of strongly coupled
plasmas as well asfor solid-liquid phase transitions. They consist of micrometer sized particles
which are usually trapped in the sheath of rf discharges where the electric field in the sheath
balances the weight of the particles. Due to the collection of electrons and ions, the particles
have a negative charge Z of severa thousand elementary charges. By means of their mutual
Coulomb repulsion these dust particles can form regular lattices of hexagonal order [1, 2, 3],
the so called plasma crystal. The dust particles are strongly coupled, i.e the coupling parameter
I = Z2%¢%/(4meebkTy) > 1 which means that the electrostatic interaction of neighboring
particles (with distance b) by far exceeds their thermal energy £74. The presence of ions and
electronsin the rf sheath reduces the particle—particle interaction due to shielding. Simulations
show that, inamultilayer crystal, the shielding propertiesare anisotropicin thevertical direction
dueto theion flow in the sheath [4, 5, 6], but rather isotropic in the horizontal plane.

The excitation of wavesin these crystalsisavery useful method to determine the shielding
properties of plasma crystals. To exclude complications from the vertical anisotropy, here only
single layer crystals will be studied. Hence it can be assumed that the particles interact by a
Debye-Huickel potential
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where \p isthe Debye length and x denotes the screening strength.

Inliteraturethere exist two possible typesof wavesin plasmacrystals: thedust lattice wave
(DLW) and the dust acoustic wave (DAW). In the dust lattice wave the dust particles directly
interact by means of their shielded Coulomb repulsion. The dispersion relation w(q) for alinear
chain of dust particles was discussed in [7]. The extension to the 2D case including friction
(with the Epstein friction constant ») isgivenin [8]:
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Thewaves propagateinthe z-direction. Thisdispersion canthen becalculated for agiven crystal
structure where the particle mn is located at (z{", y;™) and r denotes the distance between
particle j1 and mn. The linear chain result isrecovered for V,, = 0.

The DAW is the analog to the ion acoustic wave where the pressure is provided by ions
and electronsand theinertiaby the dust particleshere. The dispersion relationincludingfriction
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then reads [9, 10]

w2 qu2
_—pd? 7 (4)
52 + qu2
with w2, = Z%¢*nq/(eomaq) denoting the dust plasma frequency where nq, mq are the dust
density and mass, respectively. For both dispersion relations (DLW and DAW) one should keep
in mind that for adriven system w isreal and ¢ = ¢, + ig; hasto be taken as complex.
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Figure 1. a) Scheme of the experimental setup for the laser excitation of waves in the plasma crystal.
b) Top view of the single layer plasma crystal.
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Figure 2. Phases and amplitudes of the particle oscillations as a function of position in the crystal for
an excitation frequency of 1.0 Hz and 2.8 Hz at a gas pressure of 27 Pa.

The experiments are performed in aparallel plate rf discharge at 13.56 MHz operated in helium
[see Fig. 1a)]. The discharge pressure is controlled in the range between 10 and 50 Pa and the
discharge power isaround 10 W. 150 to 160 monodi sperse melamine formal dehyde particles of
9.4 um in diameter are trapped in the sheath of the discharge. A rectangular barrier of 35 mm
width and 60 mm length is placed onto the electrode for horizontal confinement of the particles.

2514



1998 ICPP & 25th EPS CCFPP ----- Laser Excited Wavesin aPlasma Crystal

The particlesform there asingle layer crystal of hexagonal order with an interparticle distance
of b = 740 ym [Fig. 1b)]. The particles are illuminated by a horizontally expanded laser fan
(40 mW at 690 nm). The scattered light is recorded from top with a CCD cameraand stored in
a computer for further processing.
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Figure 3. Real and imaginary part of the Figure 4. Real and imaginary part of the
dispersion relation at a pressure of 31 Pa. dispersion relation at a pressure of 27 Pa and
Symbols: experimental values, solid line: best fit theoretical DLW dispersions for different values of

for the DLW, dashed line: best fit for the DAW. K

The excitation of waves is achieved by use of an argon ion laser (8 W at 514 nm) in order
to minimize the disturbance of the rf sheath environment. The laser beam is expanded by a
cylindrical lensin order to hit the plasma crystal initsfull width [see Fig. 18)]. The laser beam
is chopped at frequencies below 10 Hz. The radiation pressure of the laser beam pushes the
particlesinto the crystal and the particlesrelaxate into their equilibrium positionswhen the laser
is blocked. Thus awavein the plasma crystal islaunched.

For analysis, the particles positions are followed from one video frame to the next. Each
particles motion is then seperated into the time averaged crystal position and the oscillatory
motion about thisequilibrium. Fourier decomposition of these oscillationsyield their amplitude
and phase. Fig. 2 shows these values for each particle as a function of the z-position in the
crystal for two different frequencies. From the linear slope of the phases the wavelength, and
thus ¢,, is determined. The damping length (inversely proportional to ¢;) is obtained from an
exponential fit to the amplitudes.

Determining in this way the real and imaginary parts of the wave vector for severa
frequencies, the dispersion relation of the plasma crystal waves is measured (see Fig. 3). One
can see a linear increase of ¢, at lower excitation frequencies (w < 0.6 wpq) and a stronger
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increase at higher ones. The damping length is almost constant over frequency. The measured
dispersion is then compared to those of a DLW and a DAW. For that purpose, the dust charge
was determined independently from the resonance technique [3, 11] to be Z = 11000. The
friction constant » and the screening strength ~ were then used to fit the real and imaginary part
of the theoretical dispersions smultaneoudly to the experimental data. Asshownin Fig. 3 the
best fit of aDLW isin close agreement with the experimental data. The friction constant is then
foundto be v = 11 s, which agrees well with the Epstein friction for that pressure. The best
fit reveals a screening strength of < = 0.8.

Even thebest fit of aDAW, however, shows strong deviationsfromthe datapoints. The best
fitisobtainedalsofor v = 11 s ' and x = 0.5, whichisalittlesmaller than that determined from
the DLW. The low frequency part (w < 0.6 wpq) IS well represented, but at higher frequencies
the DAW shows aroll over to long wavelengths which is in contrast to the experimental data.
When fitting al parameters of a DAW (7, v, k) the best fit also shows quite good agreement
with the measured points, but the fitted charge is far beyond the experimental value [8].

Having identified the plasma crystal waves as a DLW it is now possible to give detailed
values for the screening strength. Fig. 4 shows the data points and the theoretical DLW for
different values of . One can see that good agreement between theory and experiment is found
for ascreening strength in therange x = 0.5...1.5 for the imaginary part and x = 0.5...1.0
for the real part of the wave vector. The best fit gives x = 0.8. Thus a screening strength of
r = 0.8+ 0.4 isdetermined from the measured dispersion. The screening length \p istherefore
of the order of the interparticle distance b. This screening length is in quantitative agreement
with the Debye length of energetic ionsin the rf sheath [8].

Summarizing, we have presented experiments on waves in plasma crystals. The laser
radiation allows for a controllable excitation of waves and does not disturb the sheath envi-
ronment. The dispersion of waves in plasma crystals has been measured up to frequencies
close to the dust plasma frequency. The dust |attice wave model is in good agreement with the
measured dispersion relation whereas dust acoustic waves show strong deviations. From the
fit of a DLW to the experimental data the screening length was determined to be of the order
of theinterparticledistance. Thisshieldinglength can beattributed to energeticionsinthe sheath.
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