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Dispersion relations of longitudinal and transverse waves in two-dimensional
screened Coulomb crystals
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Dispersion relations of longitudinal and transverse waves in two-dimengi@bakcreened-Coulomb crys-
tals were investigated. The waves were excited in 2D crystals made from complex plasmas, i.e., dusty plasmas,
by applying radiation pressure of laser light. The dependencies of the dispersion relation on the shielding
parameter, the damping rate, and the wave propagation direction were experimentally measured. The measured
dispersion relations agree reasonably with a recently developed theory, and the comparison yields the shielding
parameter and the charge on particles.
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[. INTRODUCTION dinal wave is a compressional wave that propagates parallel
to the particle motion in the medium. The transverse wave,
A screened Coulomb system is a collection of particlesalso known as the shear wave, propagates perpendicular to
interacting through a shielded Coulomb potential. For a pointhe particle motion. It is known that the longitudinal wave
particle of chargeQ, the interaction potential is the Yukawa can propagate in all states of the screened Coulomb system

potential V(r), which is defined by (gas, liquid, and solig however, the transverse wave propa-
gates only in the strongly coupled regime, i.e., liquid and
V()= exp{ _ L) 1) solid states. _ _
daregr Ao/’ A two-dimensional2D) crystal is the system we consider

in this paper. One of the distinctions of waves in a 2D lattice
Here,r is the distance from a charged particle awglis the s that the sound speed dependskomore weakly than for a
shielding length. When the system is in thermodynamic equithree-dimensional3D) lattice. For the longitudinal mode at
librium, it is characterized by two parameters: the shieldingc<1, Wanget al. [5] found that the sound speed is propor-
parameterx and the Coulomb coupling parametér These  tional to «~* for a 3D triangular lattice, toc~ 2 for a 2D
parameters are expressed as triangular lattice, and to +In )2 for a one-dimensional

(1D) chain. This is primarily because the number of particles

K= i, 2) interacting with one another depends on the geometry.
Ap Two examples of screened Coulomb systems are complex
5 plasmas(often called dusty plasmasnd colloidal suspen-
r= Q 3) sions. A main difference between these two systems is the
dmepakgT’ damping rate for particle dynamics. Since colloidal suspen-

sions are generally produced in liquid electrolytes, particle
wherea is the mean interparticle spacing afids the kinetic  motion is strongly restricted due to the large friction with the
temperature of the particles. The system is classified agackground liquid medium. However, in complex plasmas,
“strongly coupled” or “weakly coupled,” forI'>=1 or I'  the particles are immersed in a rarefied gas, which exerts a
<1, respectively. Whei'>1, the system can be in a solid much weaker damping.
state, where it usually has an ordered structure such as bcc A complex plasma is an ionized gas containing small par-
and fcc, depending or andI” [1]. In the limit of k=0, i.e., ticles of solid matter. It usually consists of four components:
a one-component plasma, the critical valud'dbr the tran-  electrons, ions, particles, and gas molecules. Particles in
sition between a liquid and solid state is known to be applasmas are usually negatively charged due to the higher
proximately 170(1-4]. The screened Coulomb system has amobility of electrons as compared to ions. For example, the
triple point, i.e., the intersection of fluid-solid and solid-solid charge on a micron-sized sphere immersed in a plasma with
phase boundaries, which is known to bexat4.28 andl’  an electron temperature of a few eV is thousands of elec-
=5.6x10° [1]. trons. Therefore, the particles can affect each other through a
Within a screened Coulomb crystal, two kinds of wavestrong electrostatic repulsion, which leads the system to be
modes exist: longitudinal and transverse waves. The longitustrongly coupled6]. In such a situation, the particles may
organize themselves into a lattice, i.e., an ordered structure,
called a plasma cryst@r—10|.
*Present address: Max-Plank-Institut’r fuExtraterrestrische The electrons and ions in the plasma serve the roles of
Physik, D-85740 Garching, Germany. charging the particles and shielding the electrostatic field
"Email address: around the particles. The gas discharge used in experiments
*Permanent address: Department of Physics, Dalian University aélso includes gas molecules, because the gas is only weakly
Technology, Dalian, China 116024. ionized. The gas cools the particles to a particle kinetic tem-
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perature as low as the gas temperature. The damping of pdrquid there is a critical wave number, below which shear
ticle motion due to collisions with gas molecules is charac-waves cannot be sustained. The reason is thought to be that
terized by the Epstein drag coefficientz, which is long-range correlation diminishes in a liquid state because of

expressed as kinetic effects.
For a solid state, Peeters and Wu presented a phonon
8my p spectrum, i.e., a dispersion relation, of a 2D hexagonal crys-
vg=31\/ TKaT, pry’ (4 tal[19]. They carried out a numerical calculation of the dy-

namical matrix of the crystal, which ignores kinetic effects
wherep is the gas pressuren, and T, are the mass and and damping. In our previous work on the transverse mode

temperature of gas molecules, andandp are the radius and [14]_, we used this dispersion relatio_n to compare with ex-
the material density of the particles, respectively. In EpsteirPe”menta_l resglts. Unfortunately, it did not allow us to com-
theory[11], the leading coefficiens ranges from 1.0 in the Pa&ré the imaginary part of the wave number because the

case of specular reflection to 1.44 for diffuse reflection. Herd€0ry did not take damping into account. In a 1D lattice,
we assume 1.44. Typical values g for micron-sized par- dispersion relations were analytically derived by Melandsg
ticles are of.thé order of 18 for a gas pressur@ for the longitudinal mod¢20] and Vladimirovet al. for the

~10 mTorr. This is smaller than in colloids by a factor of transverse modg21]. .
10, In this paper we compare experimental results to the re-
ntly developed dispersion relations of Waagal. [5].
hey derived the dispersion relations of both modes from a
unified perspective by solving the linearized equation of mo-
éion analytically. Their theory is basically applicable to
strongly coupled screened Coulomb crystals in all dimen-

of waves in a 1D chain and 2D crystal, but using laser ma_sions, and in a 2D triangular lattice it is similar to the theory
nipulation. Here, we also use laser manipulation to Iauncl’i’f Dubin [22]. It is possible to adopt the theory to another

waves in our crystals. The transverse mode was recently oﬂ(jnq of interaction p.otential, by choosing an appropria.te
served by Nunomurat al. in a 2D crystal[14] and Misawa Spring constant matrix expression. Here, we only (_Jlescr_|be
etal.in a 1D chain[15]. However, we know of no wave the theory for a 2D triangular screened Coulomb lattice with

experiments until now, where both the longitudinal andhexagonal symmetry, in which wave damping is included. In

transverse modes were excited under the same experimenF fal experiments, the differenpes from the agsumptions of the
conditions eory are as follows: the existence of particle thermal mo-
In this paper we present dispersion relations of both wav jon, defects, af‘d part|cle_ slze d|s_pe_r3|qr_1. Oth(_ar differences
modes measured in 2D plasma crystals, and we compare t oM theor_y, Wh'Ch we_beheve are |n3|gn|_f|cant, '”C'Pde non-
results with theoretical dispersion relations. Dependencies frear pa.rtlcle |nteract|o_n and gradlents.m the particle num-
the dispersion relations or, the damping rate, and the di- er density due to the mfluence of gravity and the She"’.‘t.h'
rection of wave propagation are comprehensively investi- For waves propagating parallel to one of the primitive

gated. We propose two diagnostic methods#@nd Q, us- tr_ansllatlglnt vectors, the dollspersmn relatlonds for both longitu-
ing dispersion relation measurements of both modes an inal and transverse modes are expressed, respedifsy

sound speeds. (a) and @b) in Ref.[5]], as

There have been several wave experiments reported f
complex plasmas. In a strongly coupled regime, Pieper an
Goreeg[12] excited longitudinal waves in a multilayer lattice
with a relatively high gas pressure, using an electrostati
excitation scheme. Homaret al.[13] excited the same kind

Il. THEORY OF DISPERSION RELATIONS oo +iv)=22, F(X,Y)sinz(l%x), (5a)
X,
Dispersion relations for longitudinal and transverse modes ’
have been theoretically developed in screened Coulomb sys-
tems using two approaches. First, the hydrodynamic ap- wt(a)t—i—iy):ZE F(Y,x)si@(k_x), (5b)
proach is useful for gas and liquid phases because the kinetic Xy 2
effects, i.e., particle thermal motions, play an important role
in wave propagation. Second, one can directly solve thgyhere the summation is carried out all over the particles in
equation of motion; this can be done analytically for thethe 2D lattice, and' represents the frictional drag coefficient.
solid phase, or using molecular dynami®4D) simulation  The frequencies and v are normalized by, and equilib-

for all phases. . ~ rium particle positiorX, Y, andk are normalized by. Here,
For a liquid state, Kaw and S¢6] developed dispersion 4, is defined as

relations using the generalized hydrodynamic equations,

where they used a nonlocal viscoelastic operator to account >

for the memory effect and short range order. Latter, Kalman o=\ /Q—S’ (6)

et al. [17] also derived dispersion relations, but from a dif- 4meoma

ferent approach, using the quasilocalized charge approxima-

tion method. Molecular dynamics simulations were recentiywherem s the mass of a particle. This resembles the expres-

carried out to investigate the detail of dispersion characterission for a plasma frequency. The functiBX,Y) represents
tics[18]. The theories and simulation results predict that in athe spring constant matrix, which is given by
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F(X,Y)=R % *R[X%(3+3kR+ k’R?) —R?(1+ kR)], @ video camera

| | frame
(7) (top view) VCR grabber
2_(y2 2 microspheres SM2&3
whereR?= (X?+Y?). HeNe laser A

According to the theory, wave dispersion relations depend  horizontal
on three parameterg, v, and the direction of wave propa- sheet
gation as compared to the crystal alignment. Wangl. [5]
and Dubin[22] found that both the longitudinal and trans-
verse waves had a nondispersive character, ek for
small values ok. The slope of thew vs k curve, where it is @_|
straight, is a sound speed. They found that the sound speed
was independent of the propagation direction, for both
modes. As the wavelength becomes shoiweis no longer
proportional tok, and then the dispersion relation depends on
the propagation direction.

lower electrode

(b)

IIl. METHOD OF WAVE EXPERIMENT AND ANALYSIS

We performed wave experiments in a 2D triangular lattice
with hexagonal symmetry. The lattice was formed by levitat- (©)
ing a single horizontal layer of particles in the plasma sheath.
A schematic view of experimental apparatus is shown in Fig.
1(a). The same apparatus was used earlier for a previous
series of transverse wave experimelrit4].

An argon plasma was generated by a capacitively coupled
rf discharge operated at 13.6 MHz at a gas pressure of 18.6—
33.6 mTorr. The various discharge conditions in which we _
performed wave experiments are listed in Table I. We chose_F'G- 1. (@ Sketch of experimental apparatus. A wave was ex-
a relatively low gas pressure in order to reduce the gas fric(_:lted by applying an intensity-modulated laser sheet to a 2D plasma

. g . crystal. Microspheres were levitated in the plasma sheath above the
tion damping of the waves. The lower elecirode was drIVer]ower electrode, and they formed an ordered structure, a so-called

by rf power with a peak-to-peak VOlta%PN 60V, using a “plasma crystal.”(b) and (c) Method of wave excitation for both

matching network. In order to characterize plasma paramg,q longitudinal and the transverse modes. A laser sheet expanded in

eters in the main plasma, we ma?'e Langmuir probe measurgie y direction was used for a longitudinal wave excitation. To
ments, and we found that typicallfe~1eV, ne=3-6  |aynch a transverse wave, the laser sheet was spread srdihec-
X10°cm 3, and the plasma potentiaVs~20V. We tion, The direction of wave propagation was defined as the afgle
checked that the plasma parameters in the main plasma digith respect to one of the primitive translation vectors.
not change much when particles were introduced. On the
lower electrode, a self-bias voltage appeared, which helpa constant angular speed 30 °/min, which is much
levitate particles. It varied fronv,=—30V to —40 V, de-  slower than the wave propagation speed of either mode. The
pending onp andV,,,. cause of this spontaneous rotation is unclear, but it proved to
A 2D plasma crystal was made by introducing micro-be useful because it allowed us to measure the dispersion
spheres into plasma. The particles are polymer spheres @élations at various wave propagation directions with respect
mean radiug ,=4.04um, and their size distribution has a to the primitive translation vectors of the lattice.
standard deviation of 0.0gm. Their mass density is 1.51 Particles were imaged by a charge-coupled de(@€D)
glent, corresponding tan=4.17x 10" 1% kg. After particles  video camera located above the crystal. The particles in a 2D
were dispersed into the plasma, some of the particles wererystal were illuminated with a horizontal He-Ne laser sheet
trapped in the plasma sheath area above the horizontal loweyith a power small enough that it did not move the particles.
electrode. A weak radial electrostatic field in the plasma conThe camera was equipped with a microlens and a He-Ne
fined the particles in the radial direction. Due to a combina-interference filter. The field of view was 248 mm, and it
tion of this confinement and the interparticle repulsion, parincluded 300-1100 particles. Images were recorded on an
ticles organized themselves into a monolayer triangulaSVHS videocassette recordefCR) tape at 30 frames per
lattice with hexagonal symmetry. The crystal wag cm in  second.
diameter, and it included 3000—-10000 particles. By adding We used the radiation pressure of an Ar laser sheet to
or removing particles, we adjusted the number density ofaunch a plane wave in the 2D crystal. By changing the ori-
particles in a monolayer crystal, allowing us to conxoBy  entation of the laser sheet, we were able to excite either a
doing this, the interparticle spacing was changed fram longitudinal or transverse wave. Three galvanometer-
=0.67 to 1.3 mm, corresponding to a change of approxiscanning mirrorSM1, SM2, and SM3, shown in the right
mately a factor of 2 ink. In our experiment, the crystal side of Fig. 2 were employed to control the wave frequency
spontaneously rotated as a rigid body in a horizontal plane and the wave mode, i.e., a longitudinal or transverse wave.
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TABLE |. Discharge conditions and plasma parameters in main plasma.

Experimental No.

Quantity Unit 1l 1 v \Y \ Wl Vi IX
Discharge conditions
P mTorr 18.6 18.6 18.6 18.6 18.6 18.6 23.6 28.6 33.6
Vop \Y, 62 62 62 62 62 62 60 61 62
Vi, \Y, —40 —40 —40 —40 —40 —40 -37 -31 -30
Plasma parameters
Te eV 1.2 11 1.0 1.0 1.0 1.2 0.8 0.8
Ne 10 cm?® 3.0 35 3.4 3.6 3.2 35 5.8 5.8
Vs \Y, 20 21 20 20 20 21 21 21

The procedure for wave excitation was as follows. Mirrorthe threshold value. By weighting the brightness over con-
SM1 determined the wave frequency by chopping the lasetiguous pixels, the center of a particle was calculated, with
beam. The driving frequency was varied up to several Hzsubpixel resolution, irk-y coordinates. Each particle’s tra-
The chopping was not a square wave; instead, we applied jactory was obtained by tracing its position from one frame
smoother wave form to SM1, yielding a nearly sinusoidalto another over a total of 128 frames, corresponding to 4.2—
modulation of the laser power. The second and third harmont2.7 s, depending on the wave excitation frequency. At the
ics had a power of typically only 3% of the fundamental, andsame time, the patrticle velocity was also calculated from the
higher harmonics were too small to measure. After the lasedifference of particle position in consecutive two frames.
beam was modulated, the beam was focused by a telescopgdext, depending on the equilibrium particle position, par-
At the crystal, the Gaussian full width at half maximum ticles were divided into 40 bins, i.e., stripes aligned perpen-
(FWHM) was 0.7 mm. Then, the focused laser beam wasglicular to the wave propagation direction. The particle posi-
deflected by mirrors SM2 and SM3. One of the two mirrorstion and velocity were averaged in each bin, yielding a time
was stationary while the other formed a laser sheet by oscilseries of velocity for each bin. After that, the wave amplitude
lating at 300 Hz. Note that this frequency is two orders ofand phase were obtained from a temporal Fourier transform
magnitude higher than the wave driving frequency; the parof particle motion associated with the fundamental fre-
ticles are too massive to respond to a stimulation at 300 Hzyjuency. We used the particle velocity, not the particle posi-
Next, the laser sheet struck the crystal at a grazing angle dfon, as the input for this Fourier transform to eliminate the
10°, so that it applied its momentum mainly in the horizontaleffect of any secular particle drift. Finally, the real and
direction. From images of the side view of the crystal, weimaginary parts of the wave number were obtained by fitting
checked that particles did not move in a vertical directionthe phase shift and amplitude decay of the wave as functions
when the laser sheet irradiated them, i.e., their motion wasef distance, as explained in the next section.
strictly 2D. The Ar laser power was adjusted to be relatively
low for three reasons: to suppress secular drift in the crystal, IV. RESULTS OF WAVE EXPERIMENTS
to avoid disturbing the crystal structure, and to avoid nonlin-
ear wave motion. In the experiments, we applied a laser A. Crystal structure
power of 0.5 W distributed in a sheet slightly wider than the  An image of a typical 2D crystal is shown in Fig. 2. The
crystal diameter. image has been thresholded and inverted, so that particles

Here we define the axis as parallel to the direction of appear as black spots. The upper right image is an enlarge-
longitudinal wave propagation, and thexis is the direction  ment of part of the crystal, showing a triangular lattice with

of transverse wave propagation. To excite a longitudinahexagonal symmetry. To obtain the interparticle spacng
wave, the Ar laser sheet was expanded inytltirection, as

shown in Fig. 1b). In contrast, the Ar laser was expanded in
the x direction to launch the transverse wave Fi¢c)1The
particle motion in both waves was always in thédirection.
The wave propagation direction was defined by the amgle
with respect to one of the primitive translation vectors.

In order to obtain the wave dispersion relation, we ana-
lyzed particle motion. Our method, which was introduced in
Refs.[14,23, was as follows. First, video images were digi-
tized with an 8-bit gray scale and a 64@80 pixel resolu-
tion. The frame rate for digitized images was chosen in the
range of 10 to 30 frames per second, to include several pe- FIG. 2. Image of a 2D plasma crystal. The inset is an enlarge-
riods of wave motion. Then, individual particles were iden-ment of a part of the image, where we have also drawn lines to
tified as contiguous pixels that have a brighter intensity tharshow the triangular lattice with hexagonal symmetry.
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FIG. 3. Pair correlation functiomg(r). The large number of

peaks indicates a long-range translational order.

and evaluate the crystal ordering, the pair correlation func-
tion g(r) was calculated. Figure 3 is an examplegdf). In

our experiments, typicallya was ~1 mm and the transla-
tional correlation lengti24] was several times lager than
The presence of many peaksdlr) indicates a long-range

translational order.

B. Phase and amplitude of wave

To obtain both parts of the wave number k, +ik;, we
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FIG. 5. (a) Phase shift an¢b) amplitude decay, for a longitudi-

calculated the phase shift and the amplitude decay of waveal wave. The amplitude decay includes a beat structure, which we
from analyzing particle motions. Here, we show examplesgxplain as a superposition of a sloshing mode and a longitudinal
for both the transverse and longitudinal modes, because thiave. Solid curves are fits, yielding andk; . The wave excitation

amplitude decay is different.

is atx=0.

For the transverse mode, the phase shift and amplitude

decay were as expected. Figur@dclearly shows that the

phase is proportional to the distance from the wave excitation source aty=0. By fitting it as a linear function, the
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slope vyieldsk, . For a mode of highw, the slope is steep
corresponding to a short wavelength. The wave amplitude
decays exponentially as the wave propagates. This is shown
in Fig. 4(b), which is plotted with semilogarithmic axes. The
amplitude decay is fit to an exponential function, yieldiqng

In experiments, the typical wave amplitude is a few tens of
um, corresponding to a few percent af The wave ampli-
tude decreased witlh because in a period of wave motion,
the momentum supplied by the laser radiation decreased with
w.

Since the wave amplitude is small, the waves were be-
lieved to be linear. In a test, we verified that the wave am-
plitude varied linearly with the laser power up to 0.7 W, a
range that includes the laser power used for the wave exci-
tation presented in this paper. As a further test of nonlinear-
lity, we measured the harmonics present in the wave spec-
trum. The harmonics were weak, and possibly originated
from our imperfect sinusoidal modulation of the laser power.
For example, the amplitude of the third harmonics was
<10% of the fundamental.

The amplitude decay of the longitudinal mode exhibited
an unexpected feature. In Fig. 5 the phase and amplitude
decay for the longitudinal mode is shown, where the phase
varies linearly with the distance that the wave has propa-

FIG. 4. () Phase shift andb) amplitude decay for transverse gated. Fitting this to a straight line yieldés, which for this
waves. The linear slope in phase and exponential decay in amplexample corresponds to a wavelength of 5 mm. The ampli-
tude givek, andk;, respectively. Solid lines are fits. The waves tude decay in Fig. ®), however, was not a simple exponen-

were launched ag=0.

tial decay; it included a beat structure. We found that the beat
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FIG. 6. Dispersion relations aB) the longitudinal andb) the
transverse waves. A dispersive characteristic is shown for the lon- 0 . L 0
0 0.2 0.4 0.6 0.8 1

gitudinal wave at higho while the transverse wave remains a linear
relationshipwock, over a wide range df, . The data were obtained
at #=0° in Experiment ll(see Tables | and )l The closed and open
circles are experimental data floy andk; , respectively. The solid  of wave propagation. The longitudinal mode does not strongly de-
and dashed curves ate andk;, calculated from the theory of pend one, as shown in@). The transverse mode, however, is sen-
Wanget al. [5]. The broken lines are sound speeds obtained fromitive to 6, especially for highw, as shown in(b). The data were
fitting experimental data less thasw wo<1; C, is faster tharC;. measured ap=0° and 90° in Experiment I1l.

For comparison, both dispersion relations are plotted in same scale
with normalized axe®/wq andka/ 7, whereka/ == 1 corresponds

to the wavelength of & The upper horizontal and the right vertical
axes are labeled in real values.

ka/n

FIG. 7. Comparison of dispersion relations for two directiens

The lattice structure can oscillate several ways in addition
to the longitudinal and transverse modes. One way is the
“sloshing” mode, where the entire lattice oscillates as a rigid

. ... _body, like a pendulum in an external confining potential cor-
spacing corresponds to the wavelength of the IOngItUdIr‘a?esponding to our radial electric field. Even a local distur-
wave o_btalned from linear flttln_g of t_he phase shift. From thebance like our laser beam can cause the entire body to be
lower figure, the beat spacing is egtlmated to be 5 mm, COmdisplaced, because the lattice is crystalline and therefore can
parable to the wavelength determined from the phase plot.move as a rigid body. Superposing the longitudinal wave

Here, we explain the beat structure in the amplitude deWth amplitudeA, and a sloshing mode with amplitud
cay. We know that the beat cannot be explained as a reﬂectq e particle displacemeri(x) is '
longitudinal wave because the beat spacing/l2 is not
/K, as would be expected for the interference of two waves
of the same wavelength. Instead, the beat spacing is consis-

tent with the interference of the longitudinal wave with an-
other disturbance having the same frequency, but a mucRerforming a Fourier transform of E¢8) yields a fitting
longer wavelength. function A(x) for the amplitude decay:

f(X)=Ag cog wt —k,x)exp —k;x) +Bgcogwt). (8)

- Bo|2. _(Bo
A(x)=A, A +2 A cogk,x)exp —k;x) +exp — 2k;x). 9
0 0

066402-6



DISPERSION RELATIONS OF LONGITUDINAL AND . .. PHYSICAL REVIEW B5 066402

TABLE Il. Characteristic parameters of crystals.

Experiment No.

Quantity Unit Il 1 v Y, \ W VI IX
Pair correlation function
a mm 0.67 0.78 0.90 1.00 1.10 1.32 0.93 0.87 0.85
Wave dispersion relations
K 0.9 1.0 1.2 1.3 14 15 1.0 1.0 0.9
wo st 20.1 15.1 11.6 9.8 8.5 5.6 10.7 10.8 10.6
Q 10% 15 1.4 13 1.3 1.3 11 1.3 1.2 11
Wave damping
velwg 0.19 0.25 0.32 0.38 0.44 0.67 0.44 0.53 0.64
vl wg 0.27 0.36 0.39 0.46 0.53 0.81 0.67 0.63 0.68
Particle velocity distribution
T eV 0.107 0.037 0.038 0.030 0.031 0.045 0.031 0.037 0.034
r 4400 9700 7500 8500 7400 3100 8400 6400 6200
I' exp(—«) 1800 3600 2300 2300 1800 700 3100 2300 2500

There are four free parameters in E§) to fit the amplitude length are typically a few Hz and several mm, respectively,
decay:Ag, By, k., andk;. However, we reduced the free for both modes.
parameters to three by substitutig obtained from the Comparing measured and theoretical dispersion relations,
phase plot. The solid curve in Fig(i§ is a fit calculated we find a reasonable agreement over the range,@/m
from Eq.(9), which gives a good agreement with experimen-<0.6 for the longitudinal mode and<Ok,a/w<1 for the
tal data points. From this fit, we fourq for the longitudinal  transverse mode. Since we do not know the actual values of
mode. _ . Kk, v, andwg in the experiment, we allowed them to be free
From the amplitude decay fit, we were also able to estiparameters when fitting the theoretical curves to the experi-
mateB,. The amplitudeB, indicated a tendency to decrease mang| results. As initial estimates in the fit parameters, we
with c_ufor the longitudinal wave excitation. Howev&BO/AQ __usedx=1, Epstein drag fows, andw, as calculated from
remained almost the same, roughly 0.1 for all the condmon%t as discussed later. The resulting valuesofs, , andaw,,

we used. consequenthyQ, are listed in Table II.
) ) _ The theory predicted that the dispersion relation is aniso-
C. Dispersion relations tropic, i.e., the dispersion relations varies wiif{5,19,23.

The dispersion relations of both modes were measured e verified this experimentally. Figure 7 shows two kinds of
various values of9, x, and v. To clarify the difference of dispersion relations at=0° and 90°. For long wavelengths,
dispersion relations based on the wave propagation directiomhe dispersion relations are independentdoHowever, for
we measured them at two distinctive anglés,0° and 90°, small wavelengths, typicallk,a/7>0.5, the dispersion re-
with respect to the primitive translation vector. For measurdation is sensitive td, especially for the transverse wave.
ing « dependence, the number density of particles in the 2D The dispersion relations also dependrorfrigure 8 shows
crystal was changed under the same discharge conditionsesults for thex dependence of the dispersion relations. The
The range ofx was varied as much as possible, 0.9 to 1.5.sound speeds of both modes decrease wijthe., they in-

We also performed wave experiments at different values o€rease with the number density of particles. This result can
gas pressure to study how the gas friction affects the wavbe understood intuitively because particles that are spaced
damping. The normalized friction coefficient/w, was  more closely will interact with greater force. The same data
changed from 0.27 to 0.68. are shown with normalized axes in Fig. 9. We also note that

One of our chief results is a dispersion relation for boththe wave damping of longitudinal modes increased with
wave modes, measured for the same conditions, as shown in The friction coefficientr, as a parameter in the dispersion
Fig. 6. The transverse wave was dispersionless,d.ek, , relation, influence&; more thark, , for a given value ofw.
over a wider range than for the longitudinal wave. The latterThe way that the wave damping increases witls shown by
exhibits dispersion, i.e.w vs k, is a curved line, form experimental data in Fig. 10. In this comparison, we chose
>wg. Looking at the slope of the dispersion relationkat the same value ot~ 1, for both the large and smallcases,
=0, which defines the sound speed, we notice that the sourtd eliminate thex dependence of wave damping. In our con-
speedC, of the longitudinal mode is faster tha@y of trans-  ditions, wave damping was not so strong, ile<ck, .
verse modes as expected. In our experiments the sound speedHere, we summarize our results for dispersion character-
is a few cm/s for the longitudinal mode and several mm/s foiistics, verified from comparing experimental results with
the transverse mode, respectively. The raticCofC, is ap-  theory. The experimentally measured dispersion relations
proximately 5, fork~1. The wave frequency and wave- agreed with the dispersion relations in a range<Q«8<1.5
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FIG. 9. k dependence of dispersion relations. The same data as
Fig. 8 are shown here, normalized by, for o, and m/a for k.
Increasingx enhances a decay of the wave amplitude.

FIG. 8. « dependence of dispersion relations. The slopg, at
=0, i.e., the sound speed increases with decrease &r each
mode. Both the dispersion relations for the longitudial and
transverse modé) were measured &= 0° in Experiments I, III,

and V for small, medium, and large values of Generally speaking, damping mechanisms can be distin-

guished according to whether they apply to a single particle
or only to a collective body of particles. One single-particle
and 0.2&K v/wy<0.68. A dispersive characteristic for the damping mechanism includes gas friction, i.e., Epstein drag,
longitudinal mode was observed abowéw,~1, while the  which is the only mechanism that has been accepted to date
transverse mode remained dispersionless fak@®/7m<1. in the theory for the comparison with experimental data. Ad-
Comparing the sound speeds of both modxsyas found to  ditional single-particle drag mechanism might include the
be approximate|y five times |arge|’ th@‘l for k~1. As an ion drag due to the horizontal movement of particles in ver-
interesting feature based on the crystal geometry, we notécally flowing ions. Another mechanism might be resistive
that the maximum possible frequency to sustain the wavéissipation of electric currents corresponding to the move-

was different, depending on the wave propagation directiorment of the charges induced on the surface of the electrode

for the transverse mode, but not for the longitudinal modePeneath the moving charged particles. However, our calcula-

We also demonstrated that the sound speed of both waPNS suggest these mechanisms are much weaker than Ep-
modes increased with a decreasexofFor the wave damp- stein drag at our gas pressure. If single-particle effects were

ing, we verified that increasing and « led to a stronger significant, they probably would have been observed in the
decay of the wave amplitude. binary Coulomb collision experiments of Konoplet al.

[25]. However, they found that the particle damping agreed
with Epstein drag, assuming a leading coefficient pof
=1.48[26], which is only 3% larger than the value we as-
The wave damping is in rough agreement with Epsteinsume.
drag, with a discrepancy of 7—-50 %. The friction coefficient For collective effects, we note that waves can be scattered
vy, obtained from fitting of the real and imaginary parts of by lattice defects or an inhomogeneity of a crystal. Thermal
both dispersion relations, is listed in Table Il and plotted influctuations of particle arrangements could also scatter the
Fig. 11. Calculating the Epstein drag using a leading coeffiwave. One way to model this process would be a nonlinear
cient y=1.44 for a diffuse reflectiofil1], we found that the wave-wave scattering, where the wave we excite is scattered
fit result v, exceeds/g by 7—-50 %. This might be caused by by a zero-frequency wave corresponding to the displace-
additional damping mechanisms, which list below. It would ments of the particles from their positions in an ideal lattice.
require a more precise measurement of gas density than oufBhis would result in a deflection of our wave into another
and measurement for multiple particle sizes, to definalirection, i.e., differenk, but the same frequency. For ex-
whether any of these effects are significant. ample, any curvature in the rows can be modeled as a zero-

D. Wave damping
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Another damping mechanism might include dissipation
- related to a delay in particle charging, i.e., “delayed charg-
Kw’ ] ing” [27,28. This dissipation mechanism is as follows. As
2 o o 4 particles approach one another in wave motion, the equilib-
' le=0°| (a) rium charge of a particle varies because of ion orbit deflec-
o}

¥ exp.  theory T tion and electron density depression. Since particle charging
1 _‘?f—D—I;i smallv & k | takes a finite time, the actual charge on a particle is different

?-. smallv o k ----- - from the equilibrium value. It is known that the wave could

A largev m k —— | be damped if the product of the electric field in the wave and
largev o Kk ----- - the space derivative of equilibrium charge is positive. Ac-

: L cording to the estimate of Ivlest al.[29], they expected that
delayed charging plays an important role in the longitudinal
mode at approximatelyp <20 mTorr andr,<1 um in ex-
perimental conditions similar to ours.

Resonant Landau damping, which is a process familiar to
plasma physicists, is unlikely to contribute to wave damping
= in a crystalline lattice such as ours. This process requires that
particles travel a significant distance at a constant speed that
is nearly equal to the wave’s phase velocity. This occurs in
- weakly coupled plasmas, which are gaslike, but not in
strongly coupled plasmas that are crystalline. Our particles
move only a distance that is small compared to the inter-
N T particle separation, and their velocity is not constant but fluc-

0 02 04 06 08 1 tuates randomly and reverses direction frequently in response

kaln to the forces applied by neighboring particles. Moreover, our
particle thermal velocity is roughly ten times smaller than the
FIG. 10. Dispersion relations at different The wave damping, \ave'’s phase velocity whereas resonant Landau damping in

i.e., ki, increases withy. To avoid the effect of varying, we chose 3 \eakly-coupled plasma requires that these velocities be
the same values ok~1.0. The data were obtained 8=0° in nearly equal, for the damping to be strong.

Experiments Il and VIII for small and large values of

0 0.2 0.4 0.6
ka/n

1.5

V. k AND Q DIAGNOSTICS

frequency transverse wave, and any irregular particle spacing AS mentioned in the Introductions andI" are important

can be modeled as a zero-frequency longitudinal wave. WBarameters to characterize the screened Coulomb system,

would not detect the scattered wave using our present Fo@"d these two parameters are closely related to various fun-
rier analysis technique, which resolves waves only in gdamental phenomena such as the structure of the system,
single direction. phase transition, wave propagation, and diffusion. SQd¢e

Moreover, our finite particle size dispersion of 2.2% re-elated tal’ through Eq(3), < andQ are important quantities

sults in a corresponding dispersion in spring constants. Thi® measure. In this section we present two diagnostic meth-
dispersion is one cause of curvature of particle rows an@ds for measuring andQ, using the dispersion relations of

iregular particle spacing, as discussed above. It might alsBOth modes and sound speeds.
directly contribute to wave scattering, which would appear as

damping in our experiment. A. Dispersion relation fitting method
In a screened Coulomb crystal, the normalized dispersion
T T relation depends on three parametets:v/wy, and 6 as
8' k=10 k=09 Vg ] mentioned in Sec. Il. Thus, fitting the dispersion relations for
i ++ ] both modes yields values fot, Q, and v. Doing this re-
<~ g k=09,1.0 4 quired a value ofr and wq for the normalization of experi-
- I 1 mental values ok, , ki, and w. We measurea as the first
> A k=125 7 peak of pair correlation functions. Fro@;, wg was esti-
oL ] mated, using
ol o] C,=0.513 awy, (10
0 16 20 30 40 50
p (mtorr)

which is valid for a 2D triangular lattice witk=0 and v
FIG. 11. Friction coefficienty, obtained from fitting the disper- = 0 [5,19]. Equation(10) remains reasonably accurate over a
sion relation. The Epstein drag coefficient is shown as a solid Wwide range ofx. The sound speed df, varies only 20%
line for reference. The observed wave damping agreed with Epstei@ver the range € k<2, where experiments were performed.
drag within experimental uncertainty. Therefore, we relied on Eq10) to calculatewy. By using
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FIG. 12.C,/Cy, C/Cqy, andC,/C; vs k in theory. A 2D trian- 12r 3 1
gular lattice is assumedC,/Cyxx~ %2 and C,/Cy~0.513 at« ¥ 08l g ]
<1. These curves are useful farand Q diagnostics. The ratio 1 7 ;
C,/C, gives «. Accordingly, Q is obtained from one of two curves 04F " ----@--- sound speed ratio |
C,/Cq, C;/Cy through Eq.(11). 0 v .-—0—I . dxlsp. r:e‘. fltltmgl
Y r T
L (d)
the normalized values & a/m, kja/ 7, andw/wg, the free ) 2 .
parameters to fit the dispersion relations were reduced to = ®eces
two: « and v/wy because we know the wave propagation G 1L .
direction @ directly from the images.
The fitting for both wave modes was good over a wide oy
range ofk as shown in Figs. 6—10. This fit yielded precise 00 04 08 12 16 2
values fork andvy;, as listed in Table II. In our experiments, a(mm)

x and Q were estimated to be 0.9-1.5 and 11 000-15 000
electrons, depending amand discharge conditions, respec-
tively.

We also calculated as follows. From the particle veloc-
ity distribution in the crystal without wave excitatiom,was

obtained. This was done by fitting the particle velocity d|s-fitS of k, yielding the shielding lengthy, . (d) Estimation ofQ. As

tribution as 6,1 Maxyvelllan distribution. Typically] was . expectedQ is almost independent @ The data were obtained in
0.03-0.1 eV, i.e., slightly above the room temperature. Th'%xperiments I-VI, all at the same discharge conditions.

result indicates that the crystal is not in thermodynamic equi-
librium with the ambient gas. Using these valuésand

I"exp(~ ) are estimated to be in the range 3100-9700 and,,q 4o not depend of i.e., the sound speed is the same for
700-3600, respectively, as listed at the bottom of Table Il \,ave propagation direction. It is well known th@at/C,
This large value of is consistent with highly ordered crystal _ k12 and C,/Cy~0.513 atk<1

observed in experiment. The method ofx and Q diagnostics is straightforward.
. SinceC, /C; depends only om, measuring the sound speed
B. Sound speed ratio method ratio directly yields the value ok from the curve shown in
Next, we present another method to estimatand Q,  Fig. 11. To get experimental values 6f andC;, we fitted
using the sound speeds of both modes. For a 2D trianguldfata points of dispersion relations as a straight line below
lattice, the theoretical sound spedddC, andC,/Cy, and @/ wo~ 1. After « is determinedC, is calculated from one of

the ratioC, /C; are shown in Fig. 12. Her&, is defined by  two theoretical curvesC,/Cq or C;/Cq Vs , as shown in
Fig. 12. The resulting value fdZ, yields Q, using Eq.(11).

Q? We usedC,/C, because the transverse mode is dispersion-
Co=wpa= 1\ dmeoma (1) |ess over a wider range &f than the longitudinal mode. The
method mentioned here is convenient, but it is only valid for
The sound speeds were numerically calculated from théhe case of weak wave damping, i.e/wy<1. Since the
slope of the dispersion relation at the limit kf—0 [5], existence of strong damping causes the relationship arfid

which are same results as those shown in Fig. 5 of [Ré. k, to deviate from a linear scaling for smd}, the sound
According to the theonC,/Cy andC,/C, depend only ork  speed can be no longer determined in such a situation.

FIG. 13.(a) C,,C; and(b) C,/C; vsain experiments. Measured
C,, C,, andC,/C; fit with theory drawn as dotted curve&) «
measurement at differeat Closed and open circles denote values
of k obtained from the sound speed ratio and the dispersion relation
fitting methods, respectively. The dotted and solid lines are linear
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An example of using this method is shown in Fig. 13. VI. SUMMARY
Here, by changin@ at the same discharge conditions, the

dependencies df,, C;, andC,/C, are presented. We dem- - 51 transverse modes in a 2D screened Coulomb crys-
onstrated that measureg|, C,, andC,/C, increase a®is 5| The experimental system was a monolayer plasma crystal
decreased, and agree with theoretical curves shown in Fig§;ith 4 triangular lattice and hexagonal symmetry. We excited
13(a) and 13b). In experiments, typical values & andC;  poth wave modes by using laser manipulation, and we mea-
are a few cm/s and several mm/s, respectively. Thereforgyred dispersion relations for both modes for the same dis-
C,/Cyis ~5 atk~1. In Fig. 13c) we plot « obtained from  charge conditions. Dependencies of dispersion relations on
the two methods: the sound speed method and the dispersian v, and § were demonstrated, and they agree with the re-
relation fitting method are plotted. As we expecteds pro-  cently developed theofys]. We also presented two diagnos-
portional toa. That is because the discharge conditions argic methods for measuring and Q, using dispersion rela-
the same, i.e)p is the same for all of cases. This serves astions of both modes and sound speeds.

evidence that the method worked reasonably well. The sound

speed ratio method gives slightly smaller valueskathan ACKNOWLEDGMENTS
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