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Experiments on the heating and melting of two-dimensional finite dust crystals are performed using random
laser excitation of the dust particles by a rapidly moving laser beam. The achievable dust temperatures scale
with the square of the laser power. The heating process is described for different dust clusters under various
plasma and cluster conditions. A single-particle model is developed to explain the observed behavior of the
cluster under the random laser excitation. Good quantitative agreement is found when the radiation pressure is
made responsible for the particle excitation by the laser. The dynamical properties of the system during heating
are analyzed and the dominant modes are identified. From this, it is demonstrated that the heating process is of
a nearly equilibrium nature in contrast to previous melting experiments. Finally, the melting of the dust cluster
by laser heating is studied. From these experiments, a precise determination of the critical coupling parameter
for the solid-fluid transition was possible. It is measured asG=270–480 for anN=18 cluster.
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I. INTRODUCTION

In a weakly ionized dusty plasma, suspended micrometer-
sized dust particles usually are negatively charged with
charges of the order ofZ<104 elementary charges per par-
ticle. The strong Coulomb interaction between dust particles
leads to the formation of dust Coulomb crystals and liquids
f1,2g. In typical laboratory experiments on strongly coupled
dusty plasmas, monodisperse micrometer-sized particles are
trapped in a parallel-plate rf dischargef2–5g. In the sheath
above the lower electrode, the weight of the particles is bal-
anced by the electric field force acting on them. There, the
particles are confined to a flat cloud that is of large horizontal
extent and limited in the vertical direction due to this force
balance.

One of the most interesting problems in dusty plasmas is
the thermodynamic properties of strongly coupled Coulomb
systems. Strong coupling is defined using the Coulomb cou-
pling parameter

G =
Z2e2

4p«0bWSkTd
s1d

that describes the Coulomb interaction of neighboring par-
ticles in units of their thermal energykTd. In two-
dimensionals2Dd systems which will be discussed here, the
particle separation is characterized by the Wigner-Seitz ra-
dius bWS=1/Îpnd, wherend is the 2D density of the dust
particles. The system is said to be strongly coupled when the
coupling parameter exceeds unity. When the coupling param-
eter exceeds a critical threshold value ofGc=130±5 for pure
Coulomb interaction in 2Df6g, the particles arrange in a
regularly ordered crystalline arrangement, a Wigner or
plasma crystal.

The shielding of the dust particles by the surrounding
plasma is described by an additional parameter, the screening
strength

k = bWS/lD, s2d

which is the Wigner-Seitz distance in units of the Debye
length lD. The phase diagram of three-dimensionals3Dd
strongly coupled systems in theG-k plane is well investi-
gatedf7,8g. It is found that the critical threshold for crystal-
lization Gc increases nearly exponentially withk. For 2D
systems, the phase diagram is much more difficult to derive,
since according to the Kosterlitz-Thouless-Halperin-Nelson-
Young sKTHNY d theory of 2D meltingf9g, the phase transi-
tion is in two steps, both of which are second-order transi-
tions. Only a few values of the melting line in 2D systems
are reported in the literaturef10,11g.

Experimentally, phase transitions have been observed in
two-layer and multilayer systems with reducing the gas pres-
sure f12–14g or in monolayer systems with increasing par-
ticle densityf15g. Those experiments exploit the nonequilib-
rium environment of the sheath where the particles are
trapped. There the dust particles are heated due to instabili-
ties arising from the nonequilibrium situation in the sheath
f10g.

In the experiments presented here, we mimic an equilib-
rium heating process for the dust particles by a random laser
excitation of the individual dust particles. This is achieved by
randomly pointing the laser beam to different particles in the
plasma crystal using a galvanometer scanner with a rapid
scanning procedure. The heating and melting of plasma crys-
tals using this laser heating mechanism is investigated here.

Lasers are a widely applicable tool in dusty plasmas for
the manipulation of individual particles. They have been ap-
plied, e.g., for the excitation of waves and Mach cones
f16–22g or for the measurement of attractive forces in
plasma crystalsf23,24g as well as for the excitation of shear
flows in fluid particle arrangementsf25,26g.

Our experiments on laser heating and melting have been
performed in finite 2D systems, so-called Coulomb clusters
with N=10 to aboutN=200 particles. 2D Coulomb clusters
are characterized by their total energyf27,28g,
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where the first term is the potential energy of thehorizontal
confinement with the horizontal resonance frequencyv0 and
the second term is the Coulomb energy of all particles. Here,
m denotes the mass of the dust particles,r i = urWiu is the radial
coordinate of particlei, and r ij = urWi −rW ju is the distance be-
tween particlesi and j . After normalizing the energy toE0
=fZ2e2mv0

2/ s8pe0dg1/3 and the radial coordinate tor0

=f2Z2e2/ s4pe0mv0
2dg1/3, the total energy can be written as

E = o
i=1

N

ri
2 + o

i. j

N
exps− r ijk8d

r ij
, s4d

wherek8=r0/lD. The screening strengthk8 is generally ap-
plied in the description of 2D clusters and uses the normal-
ized distancer0. In contrast, the above-mentioned screening
strengthk is related to the Wigner-Seitz radiusbWS. These
two definitions of the relevant distance differ by a factor of 4
in our experiments, namelyr0<4bWS. Thus the screening
strengths also behave ask8<4k. In this paper, we follow the
definition of k with the Wigner-Seitz distance.

In this article, we first introduce the laser excitation and
heating method, which is then applied to different clusters
where the equilibrium nature of the heating processes is in-
vestigated and where the heating is applied to clusters under
different plasma conditions. Thereafter, a model is developed
that describes the laser heating and the dependence on the
plasma and crystal properties. Then, the dynamical proper-
ties during heating and, finally, the melting of the dust clus-
ters are described.

II. EXPERIMENTAL METHOD

The experiments are performed in an argon rf plasma dis-
charge at 13.56 MHz between two large horizontal elec-
trodes at gas pressures between 5 and 10 Pa. The upper elec-
trode is the grounded cap of the vacuum vessel. The lower
electrode is powered at 2–8 W at a maximum rf voltage of
15 Vpp. A metal plate of 70 mm diameter with a spherical
trough of 3 mm depth was used and placed in the center of
the lower electrode to create the horizontal parabolic con-
finement potential. The schematic experimental setup is
shown in Fig. 1.

The dust particles in our experiments are monodisperse
spherical plastic particlessmelamine formaldehyded with a
diameter of 2a=9.55mm and of massm=6.90310−13 kg. In
some cases, particles with 2a=12.25mm and m=1.46
310−12 kg have been used. The particles are injected from a
dust dropper above the lower electrode. The dust dropper is a
small container with a 300mm hole in the bottom. By
weakly shaking the dust dropper from outside, a few par-
ticles at a time fall through the hole into the experimental
area. The particles are trapped in a monolayer in the sheath
above the lower electrode, where the electric field force bal-
ances gravity. The horizontal confinement is due to the shal-
low trough.

The dust particles are illuminated by a laser diode
s50 mW at 685 nmd. The particles are viewed by a CCD

camera from the side to verify that the particles are trapped
in a monolayer. The main diagnostic tool is the top view
camera, a CMOS camera with a maximum frame rate of 500
frames per secondsfpsd. In our experiment, the camera is
operated at 50 fps for about 25 s, which amounts to typically
1200 frames in total. An interference filter at 685 nm is used
in front of the high-speed camera to block the light from the
Nd:YAG manipulation laser.

For particle manipulation, a Nd:YAG laser at 532 nm with
a maximum output power of 200 mW is applied. This laser is
focused onto the particles in the dust cloud. The manipula-
tion laser beam is controlled by a galvanometer scanning
system. The scanner consist of two mirrors, one for the hori-
zontal deflection and one for the vertical deflection of the
incoming laser beam. With this galvanometer scanner, the
position and motion of the laser beam are controlled. Thus, it
is possible to manipulate a single particle, a group of par-
ticles, or the entire cluster.

To mimic a random heating of the dust cluster, the follow-
ing procedure was applied. Vertically, the laser beam is kept
at a fixed position at the height of the dust cloud. Horizon-
tally, the laser beam is swept randomly across the entire clus-

FIG. 2. A short sequence of the signal to the horizontal galva-
nometer scanner. The horizontal angular deflection of the laser
beam is proportional to the signal applied to the scanner.

FIG. 1. Scheme of the experimental setup. The particles find
their equilibrium position above the powered electrode. The par-
ticles can be manipulated by the focused beam of the manipulation
laser. The beam is steered in the discharge by the two-axis galva-
nometer scanner.
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ter to randomly push the various particles of the clusterssee
Fig. 2d. Each angular position is held for a certain time step
t of the order of 10 ms. So, the force exerted by the beam is
active for this time stept if a particle is hit by the laser beam
sby chance, the beam might also point to a position in the
cluster where no particles are presentd. The maximum angu-
lar excursions during the scan are chosen in such a way that
the entire cluster is covered. In our experiments, the “heat-
ing” power of the manipulation laser beam can be varied
betweenP=0 mW and 200 mW.

III. RESULTS AND DISCUSSION

A. Heating

With the first experiment, the possibility of heating single
particles or the entire plasma crystal with the manipulation
laser is explored. For this purpose, the laser beam was swept
randomly as described above and the manipulation laser
power was increased from 0 mW to 200 mW. For each laser
power setting, the particle trajectories have been recorded. In
this experiment, the rf power was 8 W and the argon gas
pressure was 5 Pa. The investigated crystal consists of 18
dust particles with a diameter of 9.55mm.

The trajectories of the particles at different manipulation
laser powers are shown in Fig. 3. It is seen that the motion of
the dust particles increases with increasing laser power. Ob-
viously, kinetic energy is transferred to the particles by the
laser beam. To quantify this behavior, the corresponding par-
ticle temperatureTd was measured. The notion of tempera-
ture is related to the random kinetic energy for a two-
dimensional system as

o
i=1

N
m

2
kvi

2l = NkTd, s5d

wherevi is the velocity of theith particle,k is Boltzmann’s
constant, and the brackets indicate the temporal average.
When using the term “particle temperature” in the following,
we refer to the mean kinetic energy averaged over all par-
ticles and frames. The measured particle temperatures during
the laser heating are shown in Fig. 4.

From this, it is seen that the particle temperature grows
stronger than linear with manipulation laser power. The in-
crease of particle temperature can be described by a square
law. Such a dependence is characteristic for all our measure-
ments. Furthermore, different temperatures for thex and y
direction are observedswe define they direction as the di-
rection of the laser beam and thex direction as perpendicular
in the monolayer cluster planed. Obviously, the laser stimu-
lates the particles preferably in the direction of the beam:
The particles get a higher energy, and thus a higher tempera-
ture, in they direction. Nevertheless, due to particle-particle
repulsion in the cluster, the energy in the beam direction gets
randomized and thus also the perpendicular direction is
heated. Since thex temperature also scales like a square law,
a constant fraction of the energy in the beam direction is
transferred to the perpendicular.

The solid lines in Fig. 4 represent a quadratic fit to the
data, with

Td = CP2,

whereP is the laser power. The constantC is obtained from
the fit as Cy=93 eV/W2 for the y temperature andCx

FIG. 3. Dust particle trajectories over 50 s for increasing ma-
nipulation laser beam intensity between 0 mW and 200 mW. The
manipulation laser beam travels along they direction.
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=43 eV/W2 for the x temperature. The relative error of our
temperature measurements is around 15%.

One open question is whether the notion of particle tem-
perature is justified here under the conditions of a finite par-
ticle ensemble and a limited time series. This is studied from
the velocity distribution of the particles. The velocity distri-
bution in they direction of all particles and time steps is
shown in Fig. 5 for the cluster at 0 mW and 200 mW, re-
spectively.

With laser “off,” the distribution function is very narrow
and very close to a Maxwellian. For a laser power of
200 mW, the distribution is much broader and deviations
from the Maxwellian distribution are observed: for velocities
between 0 and +1500mm/s, the distribution is below the
expected Maxwellian, whereas for higher velocities the mea-
sured distribution is larger than expected. Thus, the laser
beam preferentially excites large velocities in the direction of
the beam.

The dust temperature can also be deduced from the full
width at half maximum of a Maxwellian fit to the measured
data. Here, we find a particle temperature of 0.13 eV at
0 mW and for 200 mW the particle temperature is 3.69 eV.
Compared to the temperature derived from Eq.s5d, there is
very good agreement for both casessTd=0.09 eV at 0 mW
and Td=3.70 eV at 200 mWd. The differences are readily
explained by the deviations from the exact Maxwellian dis-
tribution. Nevertheless, the distribution functions are close
enough to Maxwellian to justify the use of “particle tempera-
ture.”

In the undisturbed state at 0 mW, we find a mean particle
temperaturesx andy directiond of 0.11 eVs<1250 Kd. This
result agrees with the results of Nunomuraet al. f19,29g and
Melzer f30g. Nunomura reported temperatures in extended
2D plasma crystals between 440 K and 530 K. Melzer found
temperatures between 370 K and 1300 K for various differ-
ent finite dust clusters.

B. Parameter variation

In the next steps, the parameter of the cluster and the
discharge plasma have been varied. First, the results of the
change of gas pressure between 5 and 10 Pa are shown in
Fig. 6.

With increasing gas pressure, the particle temperature de-
creases for a given laser power. Increased gas pressure re-
sults in more effective friction of the particles with the neu-
tral gas. Thus, the heated particles are more efficiently
cooled and the observed temperature is decreased. The
achieved temperatures scale approximately as the inverse of
the gas pressure.

Second, the number of particles in the cluster was modi-
fied at constant discharge parameterssrf power 8 W, gas
pressure 5 Pa, particle diameter 9.55mmd. With increasing
particle number, the dust cluster grows in size. The scan
amplitude was set in such a way that the laser beam com-
pletely covers the largest cluster used in our experiments
with N=218 particles. When using fewer dust particles, the

FIG. 4. Average particle temperatures for thex andy direction
with increasing manipulation laser power. The solid lines represent
a quadratic fit to the results of the measurement.

FIG. 5. The velocity distribution function of theN=18 particles.
In the case of 0 mW manipulation laser power, a very narrow ve-
locity distribution is found. At 200 mW, deviations from a Max-
wellian distribution are seen.

FIG. 6. Particle temperature as a function of laser power for
different gas pressures. Here, only they component of the tempera-
ture is shown.
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scan amplitude was unchanged to ensure the same number of
laser excitation pulses per angular range. The observed par-
ticle temperature depends on the number of particles in the
cluster, as shown in Fig. 7.

With the fewest number of particlessN=18d, the tempera-
ture is about 3.68 eV at 200 mW whereas with 71 particles
we find a temperature of 2.96 eV and with the most particles
sN=218d in the cluster the temperature decreases to 0.75 eV.
Since the laser energy per angle is kept constant and the
diametersi.e., the angular widthd of the dust cloudD scales
asD~ÎN, the total laser energy transferred to the cluster is
proportional toÎN. Hence, we would expect that the energy
per particle and thus the temperature decreases asTd
~1/ÎN. A decrease of dust temperature with particle number
is observed, but the proposed scaling is only roughly ful-
filled.

In the third part of parameter variation, the particle tem-
perature is studied for different particle sizes. The same ex-
perimental conditions as before are applied and particles
with a diameter of 9.55mm and 12.25mm are used. The
results of this experiment are shown in Fig. 8.

There is a strong difference in particle temperature with
different size. For the smaller particless9.55mmd, a high
particle temperaturesdepending on the pressured between 3
and 4 eV is found. For the larger particles, the particle tem-
perature decreases dramatically to 1 and 0.5 eV at 5 and
10 Pa, respectively. A functional behavior is difficult to esti-
mate from these data.

In this and the previous section, we have collected the
following properties for heating of dust clusters by a laser
beam. We have demonstrated that heating of the cluster by
random excitation of the particles results in an increased par-
ticle temperature. The achieved dust temperature scales with
the square of the laser power and is inversely proportional to
the gas pressure. The dust temperature decreases with par-
ticle number in the cluster and with particle size where a
clear functional behavior is difficult to find.

C. Model

In the following, we attempt to model the observed heat-
ing behavior of the dust cluster. Due to the random excita-

tion, a single particle is illuminated by the laser beam for the
time t ssee Fig. 2d. During that time, the particle is acceler-
ated by the laser-particle interaction. When the laser is swept
to a different position and the particle is no longer illumi-
nated, the particle motion is damped by the presence of the
neutral gas. Thus, the equation of motion of a single particle
is given by

mÿ+ mbẏ = Fl for 0 , t , t, s6d

mÿ+ mbẏ = 0 for t . t. s7d

Here,b is the Epstein coefficientf31g due to friction with the
neutral gas and is given by

b =
8

p

p

ravth,n
,

wherep is the gas pressure,r is the mass density of the dust
particle, andvth,n is the thermal velocity in the neutral gas.
Moreover,y is an excursion of the particle from its equilib-
rium position. Fl is the force exerted by the laser on the
particle and is assumed to be constant with position. We will
discuss the possible forces below.

The solution of the equation of motion issfor 0, t,td

y =
Fl

mb2sbt + e−bt − 1d. s8d

In our experiments,t is of the order of 10 ms and the damp-
ing constantb is of the order of 1 s−1. Thus,bt!1 and the
above solution can be written as

ystd =
Flt

2

2m
andvystd =

Fl

m
t for 0 , t , t. s9d

The excitation phase is just a constantly accelerated motion;
damping effects are not important during that time span.
When the laser is moved to the next angular position, the
particle motion is damped. Thus, the velocity at the end of
the acceleration process decays exponentially like

FIG. 7. Dust temperature as a function of laser power for dif-
ferent cluster sizes. With increasing number of particles, the dust
temperature decreases.

FIG. 8. Heating of the particles for different particle sizes and
discharge pressures.
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vystd =
Flt

m
expf− bst − tdg for t . t. s10d

The mean kinetic energy requires the knowledge ofkvystd2l.
For the entire heating and damping process, this is given by

kvystd2l =
1

TFE0

t Fl
2

m2t2dt +E
t

T Fl
2t2

m2 expf− 2bst − tdgdtG .

s11d

The timeT is the time over which the process is averaged.
This period is the time after which the particle is again hit by
the laser beam and the heating is started anew. This time is
given by the number of different angular positions and the
time stept for each angular position. Since the angular varia-
tion is done randomly, this time can only be given as the
mean time between two laser hits. From our experiments, we
estimate that value to beT<0.5 s.

Under the justified assumption thatt!T, we find

kvystd2l =
Fl

2t2

2m2bT
s1 − e−2bTd s12d

and thus the particle temperature as

kTd =
m

2
kvystd2l =

Fl
2t2

4mbT
s1 − e−2bTd. s13d

Now the question remains which is the possible force ex-
erted by the laserFl. In the literature, two possible forces are
discussed, namely the radiation pressureFrad and the photo-
phoretic forceFph. The radiation pressure is due to the mo-
mentum exerted by the laser photons hitting the dust particle.
This force is proportional to the laser powerP and is given
by f32g

Frad= g
P

Afc
pa2, s14d

whereAf is the area onto which the laser is focused andg
=1, . . . ,2 is the reflection coefficient that describes how the
photons are reflected from the dust particle.

The photophoretic force is due to heating of one side of
the dust particle surface by the laser. Neutral gas atoms re-
flected from the hotter side get a larger momentum than
those from the colder. Thus a force directed away from the
hot sidesand thus in the direction of the laser beamd is ex-
erted on the dust. The photophoretic force is also propor-
tional to the laser power asf33g

Fph =
pa3p

6ûTn

P

Af
, s15d

wherep is the gas pressure andû is the thermal conductivity
of the dust particle. The above expression is valid under the
assumption that the particle is small compared to the mean
free path in the gas and that the front side of the particle is
heated. The exact calculation of the force is quite difficult
and requires the calculation of the laser field inside the par-
ticle f34g. The force can even be opposite to the laser beam.

Both forces are proportional to the laser power and thus
the dust temperature according to Eq.s13d is proportional to

the square of the laser power as observed in the experiment.
Since the friction coefficientb scales with pressure, the dust
temperature scales asTd~1/p when the laser force is given
by the radiation pressure. The photophoretic force, however,
is itself proportional to the pressure. Thus the temperature
would scale asTd~p. Since the experiments suggest an in-
verse scaling with pressure, the radiation pressure is sup-
ported.

The scaling with cluster size is already discussed in the
previous section. In the notation of the equation, this means
that the time until a particle is again hit by the laser beam
will increase asT~ÎN.

Finally, the scaling with particle size: Here, the model
proposes a scaling withTd~a2 for the radiation pressure
snote thatm~a3 and b~1/a and Frad~a2d. For the photo-
phoretic force, we find an even stronger scaling asTd~a4.
Both forces predict that larger particles will be heated more
strongly, which, however, is not seen in the experiment.

The quantitative agreement of our simplified model with
the experimental findings is quite remarkable. Using the ex-
perimental values for the situation in Fig. 4, we find for the
radiation pressure force

C =
Td

P2 = 160 eV/W2

when the following values are used:b=10 1/s,T=0.5 s,t
=10 ms, g=1 sabsorbed photonsd, and Af =pR2 with R
=200mm. This value compares reasonably with the experi-
mental value ofC=93 eV/W2. The photophoretic force
would result in a heating constant that is larger by a factor
2000, which is drastically different from the experiment.
However, as mentioned above, the photophoretic force is
strongly dependent on the exact optical properties of the par-
ticles and would require the determination of the light field
distribution within the particle. This is beyond the scope of
this paper.

The model treats the excitation as a single-particle effect.
The fact that more than one particle can be heated by the
laser beam at the same time is not included. Furthermore, the
randomization due to interaction with the other particles is
not covered. Moreover, also the Coulomb interaction with
the other particles in the cluster is neglected here.

Nevertheless, the proposed model captures the main ob-
servations of the experiment, especially when the laser force
is given by the radiation pressure. The photophoretic force
does not seem to be very appropriate for the description of
the laser heating.

D. Mode analysis

In the first set of experiments, we have investigated the
global characteristics of the dust cluster in dependence of
various plasma and cluster parameters. Here, we are inter-
ested in the dynamical properties of the cluster. One of the
main questions is which modes are preferably excited during
the laser heating process.

The dynamical properties of a finite dust cluster are de-
scribed in terms of their eigen or normal modes. The normal
modes of a 2D cluster are calculated from the dynamical
matrix f28g
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Eab,i j =
]2E

]ra,i]rb,j
, s16d

where E is the total energy according to Eq.s4d and ra,b
denote either thex or y coordinate andi , j is the particle
number. The normal mode frequenciesv, of the 2N modes
are the eigenvalues of the dynamical matrixsin units of
v0/Î2d and its eigenvectors describe the mode oscillation
patternsf28g.

Experimentally, the eigenmodes are derived from the ther-
mal motion of the dust particlesf30g. There, first the particle
velocities are projected onto the oscillation pattern of mode,
by f,std=oi=1

N vW istd ·eW i,,. Here,eW i,, denotes the eigenvector of
the ith particle for mode number,. The function f,std is a
time series that contains the contribution of the thermal par-
ticle motion for mode,. Then, the spectral power density
S,svd of f,std is calculated. This gives the energy stored in
this mode in the frequency domain. This procedure is re-
peated for all 2N eigenmodes of the cluster. For details of
this method, see Ref.f30g.

The mode spectrum of the already discussedN=18 cluster
is shown in Fig. 9 as a gray-scale plot. Dark regions corre-
spond to large power densities. In previous experiments
without laser heatingf30g, the power density in the modes
was found to be equally distributed among the modes. Here,
with laser heating present, it is seen that some modes acquire
high spectral power densities whereas others get only low
power densities. The modes 2 and 22 are very intense modes
with a high spectral power densitysmarked by the solid ar-
rowd. Weak modes with minimum power densities are modes
1, 14, and 35sdashed arrowd.

This visual impression is substantiated by calculating the
energy stored in the different modes or, equivalently, the
temperature corresponding to this mode. The effective tem-
perature of each cluster mode is readily extracted from the

normal mode spectra. Therefore, we make use of the relation

E
0

`

S,svddv = kv,
2l s17d

that yields the mean-square particle velocity of mode number
,. Consequently, we can assign a temperature for mode, as

1

2
kTmode,, =

m

2
kv,

2l. s18d

A single effective temperature of the entire clusterTmodecan
be obtained from the mean of the mode temperatures, i.e.,

kTmode=
1

N
o
,=1

2N
1

2
mkv,

2l =
1

2N
o
,=1

2N

kTmode,,. s19d

Now, Fig. 10 shows the mode temperaturesTmode,, for the
different mode numbers. The temperatures have been nor-
malized to the mean mode temperatureTmode here. This has
been done to compare the situation at different laser powers,
namely 150, 175, and 200 mW. As expected from the mode
spectrum, the modes with the highest temperatures are mode
numbers 2 and 22, which have temperatures that are about a
factor of 1.8 above the mean temperature ofTmode=2.82 eV.
The modes 1, 14, and 35 have the lowest temperatures of
about 0.6Tmode. This quantifies the observation from the
mode spectra.

When repeating this analysis for laser beam powers of
150 and 175 mW, a similar behavior as for the 200 mW case
is observed. The corresponding mode temperatures for these
cases are also shown in Fig. 10. Comparing the situation for
all three laser powers, one finds local maxima of the particle
temperature forall laser powers at mode numbers 2 and 22
and to a lesser extent for modes 5 and 28. Pronounced
minima for all laser powers are observed for modes 1, 14,
and 35.

The oscillation pattern of these pronounced modes is
shown in Fig. 11. Modes 2 and 5 are modes with high activ-

FIG. 9. Measured mode spectrum of theN=18 cluster. The
spectral power density is shown in gray scale. Modes 1, 14, and 34
show a very low spectral power density, whereas modes 2 and 22
have very high power densities.

FIG. 10. Normalized particle temperatures for manipulation la-
ser powers of 150 mW, 175 mW, and 200 mW. When comparing
with Fig. 9, the low power-density modes and high power-density
modes manifest in low and high mode temperatures, respectively.
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ity in the cluster center. The main particle motion is in they
direction, i.e., the direction of the laser beam. Mode 28 is
somewhat difficult to characterize. Mode activities are at the
boundary, also with some preference in they direction. The
most pronounced peak belongs to mode number 22 that de-
scribes a vortex-antivortex pair that is oriented along the la-
ser beam. From this it is obvious that the laser beam prefer-
ably excites modes that favor the particle motion in the
direction of the beam.

The low-energy modes do not show such a clear structure:
Mode 1 has high central activity, for mode 35 most activity is
at the boundary, and for mode 14 overall particle motion is
indicated. However, for all these low-energy modes it is seen
that the particle oscillations are preferably in thex direction,
perpendicular to the beam. This explains why these modes
are least likely excited by the laser beam.

One important point should be noted here. Although a few
modes are more heated than others, energy is transferred to
all modes. The difference in the excitation is not that large.
In contrast, in two-layer systems which are heated and
melted due to the nonreciprocal attraction between the two
layers, the heating is due to an unstable oscillation that mani-
fests in a dominant nonequilibrium excitation of all modes at
a single frequencyf35g. In comparison, the laser heating

comes close to an equilibrium heating of the cluster and thus
the thermodynamic properties of the system can be studied in
equilibrium.

E. Melting

After the heating experiments and the dynamical analysis
of the cluster heating, the question follows whether it is pos-
sible to create a phase transition or melting of the dust clus-
ter.

The trajectories of theN=18 cluster during heating are
already shown in Fig. 3. At a manipulation laser power of
125 mW and more, very excited particle motions are ob-
served that indicate a phase transition from solid to the liquid
state. This visual estimation can be substantiated from the
calculation of the order or Lindemann parameterd. In a 2D
system, the Lindemann parameter is defined as the root-
mean-square deviation of the particle from its equilibrium
position relative to the nearest-neighbor particles. Then, the
order parameter can be written as

d2 =
1

Na2Ko
i=1

N
1

Nb
o
j=1

Nb

uuW istd − uW jstdu2L , s20d

whereNb is the number of neighboring particles to particlei,
anduW i is the relative displacement of particlei from its equi-
librium position. Bedanovet al. f36g state that for 2D sys-
tems, the melting transition occurs when the Lindemann pa-
rameter exceeds the critical valuedc=0.18.

For theN=18 cluster, the Lindemann parameter together
with the measured temperature is shown in Fig. 12. The pa-
rameter d exceeds the threshold at temperatures between
1.19 eV and 1.33 eVscorresponding to laser powers between
100 and 125 mWd. For higher laser powersstemperaturesd
the order parameter is decisively above the threshold. Just at
this critical temperatureslaser powerd, a lot of particle mo-
tion in the trajectoriessFig. 3d with exchange of equilibrium
positions is observed.

FIG. 11. Oscillation pattern of the pronounced high-energy
modes 2, 5, 22, and 28, as well as of the low-energy modes 1, 14,
and 35.

FIG. 12. Lindemann parameter as a function of the particle tem-
perature. The Lindemann parameter exceeds the threshold of 0.18
for particle temperatures larger than 1.19 eV. This temperature cor-
responds to a laser power of 100 mW.
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From the analysis of the mode spectra during the melting
transition, the strength of the horizontal confinementv0 and
the screening strengthk is derived. This is achieved by fit-
ting the measured mode frequencies to the theoretical fre-
quencies that depend on these two parameters. This method
is illustrated in more detail inf30g. Good agreement of the
measured frequencies with the theoretical mode frequencies
is obtained for screening strengths in the range ofk
=bWS/lD=0.25, . . . ,1 andv0/2p<1 Hz, which is in good
agreement with earlier observationsf30g.

After that, the particle charge is obtained from the abso-
lute size of the system. In the solid statesat the temperature
of 1.19 eVd, it is found to be asZ=11 200±1000, where the
error range is due to the uncertainty ink; for the fluid state
sat the temperature of 1.33 eVd, we obtainZ=8800±700.

We are thus now able to determine the critical value ofG
for the transition from the fluid to the solid state from our
laser heating. For the solid state, the coupling parameter is
found to beGsolid=480±80, and in the fluid state it is found
to be Gfluid =270±43. Thus the phase transition of the dust
cluster should occur at aG between 270 and 480. The critical
values of Gc for the fluid-solid transition in 2D systems
found from simulationsf10,11g are Gc=132 for k=0 and
Gc=151 for k=1.

Our lower and upper boundaries for the fluid-solid transi-
tion are in reasonable agreement with the theoretical expec-
tations. One should note that in the experiment, the dust
density is not homogeneous, which would lead to a position-
dependent criticalGc. Moreover, the simulated values corre-
spond to infinite 2D systems. From 3D Coulomb clusters, it
is known that the criticalGc increases with decreasing par-
ticle number of finite systemsf37g. For 2D clusters, Totsuji

f38g gives a rough estimate of 100,Gce
−k,2000 since ra-

dial and azimuthal melting occurs at very different tempera-
turesf28g.

Since, as discussed above, the laser heating is nearly an
equilibrium process, the observed criticalG describes the
thermodynamic properties of the dust cluster. These laser
melting experiments allow us to determine this transition
with unprecedented accuracy.

Finally, in a refined experiment, we improved the focus of
the manipulation laser beam. Figure 13 shows the trajectories
for the then increased laser power density and Fig. 14 shows
the measured temperature and corresponding Lindemann pa-

FIG. 13. Dust particle trajectories over 50 s
for increasing manipulation laser beam intensity
between 0 mW and 200 mW with higher laser
density.

FIG. 14. Particle temperature and Lindemann parameter as a
function of laser power. With the improved focus, the phase transi-
tions of the cluster are observed at a lower manipulation laser beam
power s35 mWd.
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rameter. The cluster investigated here consists ofN=44 par-
ticles.

With the refined focus, the particle temperature is in-
creased by a factor of 3 under the same plasma conditions.
Consequently, a phase transition into the fluid state is already
observed for the first laser power settings35 mWd. There the
coupling parameter is found to be aroundG<800. The solid
state at 0 mW hasG=3000±500. Thus, the criticalG for this
N=44 particle cluster is larger than that of theN=18 cluster
and is still in the range given by Totsujif38g.

IV. SUMMARY

We have presented experiments for heating and melting
processes under different conditions in a dusty plasma crys-
tal. The dust temperature increases with the square of the
laser power. We have demonstrated that the particle size, the
number of particles, and the gas pressure play a decisive role
in the heating and melting of dusty plasma crystals. The
achievable dust temperature is inversely proportional to the
gas pressure and decreases with increasing particle number
and particle size.

A model was presented that captures the main properties
of the heating and that accurately models the dependence on
the plasma and crystal properties. This model was based on
the analysis of the equation of motion of a single particle in
a cluster under random heating. Good agreement between the
model and the experiments was found when the particles
were assumed to be excited through radiation pressure. The

photophoretic force gives only poor agreement.
The dynamical properties have been derived from a mode

analysis during heating. The mode analysis reveals that pre-
dominantly those modes are heated that require particle mo-
tions in the direction of the beam, whereas modes with per-
pendicular particle motions are decisively less heated.
Nevertheless, the deviation from equipartition between the
modes is not that large. This finding and the analysis of the
velocity distribution function suggest that the heating process
can be characterized as nearly equilibrium.

Finally, laser-induced melting of the cluster has been
achieved. More importantly, we were able to measure the
critical value for fluid-solid phase transitions in our clusters.
It was found to be betweenG=270 and 480 for theN=18
cluster and aroundG=1000 for theN=44 cluster. This is in
agreement with simulations of 2D cluster melting. Despite
this uncertainty, this is still a quite precise measurement of
the critical Coulomb coupling parameter in dusty plasmas.

We have demonstrated that laser excitation techniques are
a perfect tool for the investigation of heating in dusty plas-
mas. The laser manipulation system developed for these in-
vestigations will be applied in experiments on parabolic
flights in 2005 and 2006, when the application potential of
the laser manipulation will be tested under microgravity con-
ditions.
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