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Laser heating of particles in dusty plasmas
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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'a270-480 for arN=18 cluster.
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I. INTRODUCTION Kk =bywg/\p, (2

In a weakly ionized dusty plasma, suspended micrometer-
sized dust particles usually are negatively charged withwhich is the Wigner-Seitz distance in units of the Debye
charges of the order a~10* elementary charges per par- length \p. The phase diagram of three-dimensioiaD)
ticle. The strong Coulomb interaction between dust particlestrongly coupled systems in tHe-« plane is well investi-
leads to the formation of dust Coulomb crystals and liquidsgated[7,8]. It is found that the critical threshold for crystal-
[1,2]. In typical laboratory experiments on strongly coupledlization I, increases nearly exponentially with For 2D
dusty plasmas, monodisperse micrometer-sized particles aggstems, the phase diagram is much more difficult to derive,
trapped in a parallel-plate rf dischar§2-5]. In the sheath since according to the Kosterlitz-Thouless-Halperin-Nelson-
above the lower electrode, the weight of the particles is balYoung (KTHNY)) theory of 2D meltind 9], the phase transi-
anced by the electric field force acting on them. There, theion is in two steps, both of which are second-order transi-
particles are confined to a flat cloud that is of large horizontations. Only a few values of the melting line in 2D systems
extent and limited in the vertical direction due to this forceare reported in the literatufd.0,11].
balance. Experimentally, phase transitions have been observed in
One of the most interesting problems in dusty plasmas iswo-layer and multilayer systems with reducing the gas pres-
the thermodynamic properties of strongly coupled Coulombsure[12—-14 or in monolayer systems with increasing par-
systems. Strong coupling is defined using the Coulomb couticle density[15]. Those experiments exploit the nonequilib-
pling parameter rium environment of the sheath where the particles are
trapped. There the dust particles are heated due to instabili-
5 ties arising from the nonequilibrium situation in the sheath
e 2 & @ [0
47re by KTy 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
that describes the Coulomb interaction of neighboring parrandomly pointing the laser beam to different particles in the
ticles in units of their thermal energkTy In two-  plasma crystal using a galvanometer scanner with a rapid
dimensional(2D) systems which will be discussed here, the scanning procedure. The heating and melting of plasma crys-
particle separation is characterized by the Wigner-Seitz ratals using this laser heating mechanism is investigated here.
dius bys=1/mny, whereny is the 2D density of the dust Lasers are a widely applicable tool in dusty plasmas for
particles. The system is said to be strongly coupled when théhe manipulation of individual particles. They have been ap-
coupling parameter exceeds unity. When the coupling paranplied, e.g., for the excitation of waves and Mach cones
eter exceeds a critical threshold valuelgE130+5 for pure  [16—22 or for the measurement of attractive forces in
Coulomb interaction in 2006], the particles arrange in a plasma crystal§23,24 as well as for the excitation of shear
regularly ordered crystalline arrangement, a Wigner offlows in fluid particle arrangement25,26|.
plasma crystal. Our experiments on laser heating and melting have been
The shielding of the dust particles by the surroundingperformed in finite 2D systems, so-called Coulomb clusters
plasma is described by an additional parameter, the screenimgth N=10 to aboutN=200 particles. 2D Coulomb clusters
strength are characterized by their total enei@r,28,
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i=1 ' P> Fj their equilibrium position above the powered electrode. The par-

, ) ) ticles can be manipulated by the focused beam of the manipulation
wherex’=ro/\p. The screening strengil is generally ap-  |aser. The beam is steered in the discharge by the two-axis galva-
plied in the description of 2D clusters and uses the normalpgmeter scanner.

ized distance . In contrast, the above-mentioned screening

strength« is related to the Wigner-Seitz radilig,s. These  camera from the side to verify that the particles are trapped
two definitions of the relevant distance differ by a factor of 4in a monolayer. The main diagnostic tool is the top view
in our experiments, namelyy~4bys. Thus the screening camera, a CMOS camera with a maximum frame rate of 500
strengths also behave as= 4k. In this paper, we follow the  frames per secon@fps). In our experiment, the camera is
definition of x with the Wigner-Seitz distance. operated at 50 fps for about 25 s, which amounts to typically

In this article, we first introduce the laser excitation and1200 frames in total. An interference filter at 685 nm is used
heating method, which is then applied to different clustersn front of the high-speed camera to block the light from the
where the equilibrium nature of the heating processes is inNd:YAG manipulation laser.
vestigated and where the heating is applied to clusters under For particle manipulation, a Nd:YAG laser at 532 nm with
different plasma conditions. Thereafter, a model is developed maximum output power of 200 mW is applied. This laser is
that describes the laser heating and the dependence on thftused onto the particles in the dust cloud. The manipula-
plasma and crystal properties. Then, the dynamical propetion laser beam is controlled by a galvanometer scanning
ties during heating and, finally, the melting of the dust clus-system. The scanner consist of two mirrors, one for the hori-
ters are described. 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

The experiments are performed in an argon rf plasma disis possible to manipulate a single particle, a group of par-
charge at 13.56 MHz between two large horizontal electicles, or the entire cluster.
trodes at gas pressures between 5 and 10 Pa. The upper elec-To mimic a random heating of the dust cluster, the follow-
trode is the grounded cap of the vacuum vessel. The loweng procedure was applied. Vertically, the laser beam is kept
electrode is powered at 2—8 W at a maximum rf voltage ofat a fixed position at the height of the dust cloud. Horizon-
15 V,,. A metal plate of 70 mm diameter with a spherical tally, the laser beam is swept randomly across the entire clus-
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 particleémelamine formaldehydewith a
diameter of 2=9.55 um and of massn=6.90x 1013 kg. In
some cases, particles witha212.25um and m=1.46
X 1072 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 30@m hole in the bottom. By
weakly shaking the dust dropper from outside, a few par- At “»'c" .
ticles at a time fall through the hole into the experimental L L : L L : L
area. The particles are trapped in a monolayer in the sheath 0 2 4 6 8 10 12 14
above the lower electrode, where the electric field force bal- time step (arb. units)
ances gravity. The horizontal confinement is due to the shal-
low trough. FIG. 2. A short sequence of the signal to the horizontal galva-

The dust particles are illuminated by a laser diodenometer scanner. The horizontal angular deflection of the laser
(50 mW at 685 nm The particles are viewed by a CCD beam is proportional to the signal applied to the scanner.

Il. EXPERIMENTAL METHOD

horizontal signal (arb. units)
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ter to randomly push the various particles of the clustee
Fig. 2. Each angular position is held for a certain time step
7 of the order of 10 ms. So, the force exerted by the beam is
active for this time step if a particle is hit by the laser beam
(by chance, the beam might also point to a position in the
cluster where no particles are pregeifhe maximum angu-
lar excursions during the scan are chosen in such a way the
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.

IIl. 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 swej
randomly as described above and the manipulation lase
power was increased from 0 mW to 200 mW. For each lasel
power setting, the particle trajectories have been recorded. |
this experiment, the rf power was 8 W and the argon ga
pressure was 5 Pa. The investigated crystal consists of 1
dust particles with a diameter of 9.58n.

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 temperaturely was measured. The notion of tempera-
ture is related to the random kinetic energy for a two-
dimensional system as

N

> o2 = NKT,, (5)
i-1 2

wherev; is the velocity of theith particle,k is Boltzmann’s g
constant, and the brackets indicate the temporal averagq({ 8.
When using the term “particle temperature” in the following, |2
we refer to the mean kinetic energy averaged over all par{
ticles and frames. The measured particle temperatures durin
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 squal
law. Such a dependence is characteristic for all our measure
ments. Furthermore, different temperatures for thand y
direction are observetlve define they direction as the di-
rection of the laser beam and thelirection as perpendicular i i
in the monolayer cluster plapeObviously, the laser stimu- |Gser dlreCTlon
lates the particles preferably in the direction of the beam:

The particles get a higher energy, and thus a higher tempera- ) . _ . .
P g 9 9y g P FIG. 3. Dust particle trajectories over 50 s for increasing ma-

ture, ".1 thgy direction. Nevertheles§, due to pam(.:le_pamdenipulation laser beam intensity between 0 mW and 200 mW. The
repulsion in the cluster, the energy in the beam direction gets . . A
. . - . .manipulation laser beam travels along thdirection.

randomized and thus also the perpendicular direction is
heated. Since thetemperature also scales like a square law,
a constant fraction of the energy in the beam direction is Tq4=CF?,
transferred to the perpendicular.

The solid lines in Fig. 4 represent a quadratic fit to thewhereP is the laser power. The constadtis obtained from

data, with the fit as C,=93 eV/W? for the y temperature andC,
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FIG. 4. Average particle temperatures for thandy direction FIG. 6. Particle temperature as a function of laser power for
with increasing manipulation laser power. The solid lines represendifferent gas pressures. Here, only theomponent of the tempera-
a quadratic fit to the results of the measurement. ture is shown.

=43 eV/W? for the x temperature. The relative error of our The dust temperature can also be deduced from the full

temperature measurements is around 15%. . . . .
One open question is whether the notion of particle temWidth at half maximum of a Maxwellian fit to the measured

perature is justified here under the conditions of a finite pargata' Here, we find a partlcle'temperature of .0'13 ev at
ticle ensemble and a limited time series. This is studied fro mW and for 200 mW the partlcle temperature s 3'69 ev.
the velocity distribution of the particles. The velocity distri- —oMPared to the temperature derived from £, there is
bution in they direction of all particles and time steps is very go_od agreement for both cas(éfg-o.og ev at 0 mw
shown in Fig. 5 for the cluster at 0 mW and 200 mW, re—and T.d'3'70 ev at 2.00. mW The differences are rgadny
spectively. explained by the deviations from the exact Maxwellian dis-
With laser “off,” the distribution function is very narrow tribution. Neverthe_less, t_he _dlstrlbutlon fl‘J‘nCtIC_JnS are close
and very close to a Maxwellian. For a laser power Ofenough to Maxwellian to justify the use of “particle tempera-

200 mW, the distribution is much broader and deviations"e- . . .
from the Maxwellian distribution are observed: for velocities In the und|sturbed.stat<_a at 0 mW, we find a mean pgmcle
between 0 and +150Qm/s, the distribution is below the temperaturdx apdy direction) of 0.11 eV(~1250 K). This
expected Maxwellian, whereas for higher velocities the mea[esult agrees with the results of Nunometzal. [19.,2@ and
sured distribution is larger than expected. Thus, the Ias%'elz‘ar [30]. Nunomura reported temperatures in extended

: : S At D plasma crystals between 440 K and 530 K. Melzer found
beam preferentially excites large velocities in the direction o - X
the begm. 4 g temperatures between 370 K and 1300 K for various differ-

ent finite dust clusters.
0.10 —

" 1200 mW
Il omw 1 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-
200mW  width = 1275 pmis | tral gas. Thus, the heated particles are more efficiently
OmW  width= 239 /s cooled and the observed temperature is decreased. The
achieved temperatures scale approximately as the inverse of
‘ the gas pressure.

2000 2000 0 2000 4000 5000 Second, the number of particles in the cluster was modi-
fied at constant discharge parametéifspower 8 W, gas
pressure 5 Pa, particle diameter 9/6). With increasing

FIG. 5. The velocity distribution function of thé=18 particles. ~ Particle number, the dust cluster grows in size. The scan
In the case of 0 mW manipulation laser power, a very narrow ve@mplitude was set in such a way that the laser beam com-
locity distribution is found. At 200 mW, deviations from a Max- pletely covers the largest cluster used in our experiments
wellian distribution are seen. with N=218 particles. When using fewer dust particles, the

0.05 |-

rel. abundance

0.00

velocity (um/ s)
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FIG. 7. Dust temperature as a function of laser power for dif- FIG. 8. Heating of the particles for different particle sizes and
ferent cluster sizes. With increasing number of particles, the dustlischarge pressures.
temperature decreases.

scan amplitude was unchanged to ensure the same numbertih, @ single particle is illuminated by the laser beam for the
laser excitation pulses per angular range. The observed pdine 7 (see Fig. 2 During that time, the particle is acceler-
ticle temperature depends on the number of particles in thated by the laser-particle interaction. When the laser is swept
cluster, as shown in Fig. 7. to a different position and the particle is no longer illumi-
With the fewest number of particlédl=18), the tempera- nated, the particle motion is damped by the presence of the
ture is about 3.68 eV at 200 mW whereas with 71 particleieutral gas. Thus, the equation of motion of a single particle
we find a temperature of 2.96 eV and with the most particless given by
(N=218 in the cluster the temperature decreases to 0.75 eV.

Since the laser energy per angle is kept constant and the my+mgy=F for0<t<r, (6)
diameter(i.e., the angular widthof the dust cloud scales
asD« N, the total laser energy transferred to the cluster is my+mBy=0 fort> 7. (7)

proportional toyN. Hence, we would expect that the energy ) ) o o )

per particle and thus the temperature decreasesTas Here,Bis the Epstein coefficieriB1] due to friction with the
= 1/\VN. A decrease of dust temperature with particle numbeneutral gas and is given by

is observed, but the proposed scaling is only roughly ful-

filled. _8_»p

In the third part of parameter variation, the particle tem- T paV
perature is studied for different particle sizes. The same ex- ) , )
perimental conditions as before are applied and particle¥/nerep is the gas pressurp,is the mass density of the dust
with a diameter of 9.55:m and 12.25um are used. The Particle, andvyq is the thermal velocity in the neutral gas.
results of this experiment are shown in Fig. 8. Moreover,y is an excursion of the particle from its equilib-
There is a strong difference in particle temperature withfium position. F, is the force exerted by the laser on the
different size. For the smaller particl¢8.55um), a high  particle and is assumed to be constant with position. We will
particle temperaturédepending on the pressuireetween 3  discuss the possible forces below.
and 4 eV is found. For the larger particles, the particle tem- The solution of the equation of motion {®r 0<t<7)
perature decreases dramatically to 1 and 0.5eV at 5 and
10 Pa, respectively. A functional behavior is difficult to esti- y= i(ﬁt reBo ) ®)
mate from these data. mg? '
In this and the previous section, we have collected the
following properties for heating of dust clusters by a laserln our experimentsr is of the order of 10 ms and the damp-
beam. We have demonstrated that heating of the cluster bpg constant is of the order of 1 8" Thus,Bt<1 and the
random excitation of the particles results in an increased pagbove solution can be written as
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. The excitation phase is just a constantly accelerated motion;
damping effects are not important during that time span.
C. Model When the laser is moved to the next angular position, the
In the following, we attempt to model the observed heat-particle motion is damped. Thus, the velocity at the end of
ing behavior of the dust cluster. Due to the random excitathe acceleration process decays exponentially like

_FRt? _Fi
y(t) = om andu,(t) = Et foroO<t<r. 9
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Fir the square of the laser power as observed in the experiment.
vy(t) = exd- B(t-7)] fort> . (10)  Since the friction coefficieng scales with pressure, the dust
temperature scales dg>1/p when the laser force is given

The mean kinetic energy requires the knowledgéwgft)®). by the radiation pressure. The photophoretic force, however,

For the entire heating and damping process, this is given big itself proportional to the pressure. Thus the temperature

1 (g2 T2 would scale agy>p. Since the experiments suggest an in-
(vy(t)2)=— f —'2t2dt+ l_zeXFi‘ 2B(t-7)]dt|. verse scaling with pressure, the radiation pressure is sup-
Tl Jom ;M ported.
(11) The scaling with cluster size is already discussed in the

previous section. In the notation of the equation, this means
The timeT is the time over which the process is averagedthat the time until a particle is again hit by the laser beam
This period is the time after which the particle is again hit bywill increase asT« +N.
the laser beam and the heating is started anew. This time is Finally, the scaling with particle size: Here, the model
given by the number of different angular positions and theproposes a scaling witfiy=a? for the radiation pressure
time stepr for each angular position. Since the angular varia-(note thatmea® and g« 1/a and F,,q>a?%). For the photo-
tion is done randomly, this time can only be given as thephoretic force, we find an even stronger scalingTas a*.
mean time between two laser hits. From our experiments, wBoth forces predict that larger particles will be heated more

estimate that value to bE~0.5 s. strongly, which, however, is not seen in the experiment.
Under the justified assumption tha& T, we find The quantitative agreement of our simplified model with
F2.2 the experimental findings is quite remarkable. Using the ex-
<vy(t)2> = '2 (1-e72FT) (12) perimental values for the situation in Fig. 4, we find for the
2me BT radiation pressure force

and thus the particle temperature as
2
KTy= 20 (0%) = Fir (1-e?7T). (13) _
2 4mpT when the following values are use@8=10 1/s,T=0.5 s, 7

=10 ms, y=1 (absorbed photons and A;=7R? with R
=200 um. This value compares reasonably with the experi-
mental value ofC=93 eV/WA. The photophoretic force
_would result in a heating constant that is larger by a factor

mentum exerted by the laser photons hitting the dust particlez.ooo' which is drgsticgllybdiffere?]t frohm thﬁ exper]iment..
This force is proportional to the laser powerand is given ~1OWever, as mentioned above, the photophoretic force is
by [32] strongly dependent on the exact optical properties of the par-

ticles and would require the determination of the light field
Frog= YAiﬂaz, (14) flr:_stribution within the particle. This is beyond the scope of
(C is paper.

) ) . The model treats the excitation as a single-particle effect.
whereA; is the area onto which the laser is focused and Thg fact that more than one particle can be heated by the
=1,...,2 s the reflection coefficient thaf[ describes how thgager heam at the same time is not included. Furthermore, the
photons are reflected from the dust particle. . randomization due to interaction with the other particles is

The photophoretic force is due to heating of one side of,4¢ covered. Moreover, also the Coulomb interaction with
the dust particle surface by the laser. Neutral gas atoms rgre gther particles in the cluster is neglected here.
flected from the hotter side get a Ia_rger momentum than Nevertheless, the proposed model captures the main ob-
those from the colder. Thus a force directed away from th&gnations of the experiment, especially when the laser force
hot side(and thus in the direction of the laser beamex- g given by the radiation pressure. The photophoretic force

erted on the dust. The photophoretic force is also Proporgoes not seem to be very appropriate for the description of
tional to the laser power d83] the laser heating.

T
C=—3=160 eV/W
P

Now the question remains which is the possible force ex
erted by the laséf,. In the literature, two possible forces are
discussed, namely the radiation presshg and the photo-
phoretic forceF,, The radiation pressure is due to the mo

_ma’p P

= , 15 D. Mode analysis
ph 6%Tn Af ( )

In the first set of experiments, we have investigated the
wherep is the gas pressure ands the thermal conductivity global characteristics of the dust cluster in dependence of
of the dust particle. The above expression is valid under thgarious plasma and cluster parameters. Here, we are inter-
assumption that the particle is small compared to the meaasted in the dynamical properties of the cluster. One of the
free path in the gas and that the front side of the particle isnain questions is which modes are preferably excited during
heated. The exact calculation of the force is quite difficultthe laser heating process.
and requires the calculation of the laser field inside the par- The dynamical properties of a finite dust cluster are de-
ticle [34]. The force can even be opposite to the laser beanscribed in terms of their eigen or normal modes. The normal
Both forces are proportional to the laser power and thusnodes of a 2D cluster are calculated from the dynamical
the dust temperature according to E4Q) is proportional to  matrix [28]
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FIG. 9. Measured mode spectrum of the=18 cluster. The
spectral power density is shown in gray scale. Modes 1, 14, and 3
show a very low spectral power density, whereas modes 2 and 22
have very high power densities. normal mode spectra. Therefore, we make use of the relation

A
mode number : 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
Todes manifest in low and high mode temperatures, respectively.

PE f Si(w)do = (v3) (17
0

Epi=—0—, 16
apl] I i g (16)

_ . that yields the mean-square particle velocity of mode number
where E is the total energy according to E¢4) andr,z  ¢. Consequently, we can assign a temperature for nfcate
denote either thex or y coordinate and,j is the particle

number. The normal mode frequencieg of the 2N modes lkT - T<vz> (18)
are the eigenvalues of the dynamical matfim units of modef o
wo/\2) and its eigenvectors describe the mode oscillation
patterng 28].

Experimentally, the eigenmodes are derived from the ther-

gy single effective temperature of the entire clustgfq.can
be obtained from the mean of the mode temperatures, i.e.,

mal motion of the dust particld80]. There, first the particle 2N

velocities are - projected onto the oscillation pattern of méde KTmode= E Zm(ve ZNE KTmode¢ - (19
by fo(t)==Nvi(t)-& (. Here,& , denotes the eigenvector of Ne=1 =1

the ith part|cle for mode numbef. The functionf,(t) is a Now, Fig. 10 shows the mode temperatufggge, for the

time series that contains the contribution of the thermal pardifferent mode numbers. The temperatures have been nor-
ticle motion for modef. Then, the spectral power density malized to the mean mode temperatiifg,4 here. This has
Si(w) of f,(t) is calculated. This gives the energy stored inbeen done to compare the situation at different laser powers,
this mode in the frequency domain. This procedure is renamely 150, 175, and 200 mW. As expected from the mode
peated for all A eigenmodes of the cluster. For details of spectrum, the modes with the highest temperatures are mode
this method, see Reff30]. numbers 2 and 22, which have temperatures that are about a
The mode spectrum of the already discusSed 8 cluster  factor of 1.8 above the mean temperaturdl gf,=2.82 eV.
is shown in Fig. 9 as a gray-scale plot. Dark regions correThe modes 1, 14, and 35 have the lowest temperatures of
spond to large power densities. In previous experimentabout 0.6,.4 This quantifies the observation from the
without laser heating30], the power density in the modes mode spectra.
was found to be equally distributed among the modes. Here, When repeating this analysis for laser beam powers of
with laser heating present, it is seen that some modes acquit&s0 and 175 mW, a similar behavior as for the 200 mW case
high spectral power densities whereas others get only lovis observed. The corresponding mode temperatures for these
power densities. The modes 2 and 22 are very intense modeases are also shown in Fig. 10. Comparing the situation for
with a high spectral power densifynarked by the solid ar- all three laser powers, one finds local maxima of the particle
row). Weak modes with minimum power densities are modesemperature foall laser powers at mode numbers 2 and 22
1, 14, and 35dashed arroyv and to a lesser extent for modes 5 and 28. Pronounced
This visual impression is substantiated by calculating theninima for all laser powers are observed for modes 1, 14,
energy stored in the different modes or, equivalently, theand 35.
temperature corresponding to this mode. The effective tem- The oscillation pattern of these pronounced modes is
perature of each cluster mode is readily extracted from thghown in Fig. 11. Modes 2 and 5 are modes with high activ-
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1 14 6 comes close to an equilibrium heating of the cluster and thus
‘(I_) the thermodynamic properties of the system can be studied in
f c equilibrium.
)
\‘_ /; - é E. Melting
T o After the heating experiments and the dynamical analysis
T of the cluster heating, the question follows whether it is pos-
35 sible to create a phase transition or melting of the dust clus-
ter.

o ) The trajectories of théN=18 cluster during heating are

FIG. 11. Oscillation pattern of the pronounced hlgh-enen‘;]y(,ilready shown in Fig. 3. At a manipulation laser power of
modes 2, 5, 22, and 28, as well as of the low-energy modes 1, 145_,25 mW and more, very excited particle motions are ob-
and 35. served that indicate a phase transition from solid to the liquid
ity in the cluster center. The main particle motion is in the state. This visual estimation can be substantiated from the
direction, i.e., the direction of the laser beam. Mode 28 iscalculation of the order or Lindemann paramefein a 2D
somewhat difficult to characterize. Mode activities are at thesystem, the Lindemann parameter is defined as the root-
boundary, also with some preference in thdirection. The mean-square deviation of the particle from its equilibrium
most pronounced peak belongs to mode number 22 that d@osition relative to the nearest-neighbor particles. Then, the
scribes a vortex-antivortex pair that is oriented along the laerder parameter can be written as
SElr beam. From (tjhis ithis ollcovious r’ﬁhat the_ Ilaser bgam.pre;;er- . N . Ny
ably excites modes that favor the particle motion in the . .
direction of the beam. &= Na2 ;l N_bZ:L [G:() = G ), (20

The low-energy modes do not show such a clear structure: - .
Mode 1 has high central activity, for mode 35 most activity iswhereN, is the number of neighboring particles to particle
at the boundary, and for mode 14 overall particle motion isandd; is the relative displacement of partidlérom its equi-
indicated. However, for all these low-energy modes it is seetlibrium position. Bedano\et al. [36] state that for 2D sys-
that the particle oscillations are preferably in thdirection, tems, the melting transition occurs when the Lindemann pa-
perpendicular to the beam. This explains why these modesmmeter exceeds the critical valdg=0.18.
are least likely excited by the laser beam. For theN=18 cluster, the Lindemann parameter together

One important point should be noted here. Although a fewwith the measured temperature is shown in Fig. 12. The pa-
modes are more heated than others, energy is transferred immeter § exceeds the threshold at temperatures between
all modes. The difference in the excitation is not that large1.19 eV and 1.33 e\corresponding to laser powers between
In contrast, in two-layer systems which are heated and00 and 125 m\\/ For higher laser power&emperatures
melted due to the nonreciprocal attraction between the twthe order parameter is decisively above the threshold. Just at
layers, the heating is due to an unstable oscillation that manthis critical temperaturélaser powey, a lot of particle mo-
fests in a dominant nonequilibrium excitation of all modes attion in the trajectorie¢Fig. 3) with exchange of equilibrium
a single frequency35]. In comparison, the laser heating positions is observed.
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FIG. 13. Dust particle trajectories over 50 s
for increasing manipulation laser beam intensity
between 0 mW and 200 mW with higher laser
density.

From the analysis of the mode spectra during the melting38] gives a rough estimate of 180" . “< 2000 since ra-
transition, the strength of the horizontal confinemeptand  dial and azimuthal melting occurs at very different tempera-
the screening strengtk is derived. This is achieved by fit- tures[28].
ting the measured mode frequencies to the theoretical fre- Since, as discussed above, the laser heating is nearly an
quencies that depend on these two parameters. This metheduilibrium process, the observed criticBl describes the
is illustrated in more detail in30]. Good agreement of the thermodynamic properties of the dust cluster. These laser
measured frequencies with the theoretical mode frequenciggelting experiments allow us to determine this transition
is obtained for screening strengths in the range «of \yith unprecedented accuracy.
=bws/Ap=0.25,...,1 andvy/2r~1 Hz, which is in good Finally, in a refined experiment, we improved the focus of
agreement with earlier observatiof80]. the manipulation laser beam. Figure 13 shows the trajectories

After that, the particle charge is obtained from the absofo; the then increased laser power density and Fig. 14 shows

lute size of the system. In the solid stas the temperature  {he measured temperature and corresponding Lindemann pa-
of 1.19 eV, it is found to be a¥Z=11 200+£1000, where the

error range is due to the uncertainty 4 for the fluid state 8 T y — — T y T 30
(at the temperature of 1.33 gMve obtainZ=8800+700. i ; :d"::;a:mfm 1

We are thus now able to determine the critical valud’of 7 125
for the transition from the fluid to the solid state from our % ¢ [ 3
laser heating. For the solid state, the coupling parameter i‘g 120 ¢
found to bel',;;=480%80, and in the fluid state it is found _E 5r E
to be I'y,iq=270+43. Thus the phase transition of the dust g 4| 1% =
cluster should occur atla between 270 and 480. The critical § g
values of I'; for the fluid-solid transition in 2D systems % i 1190 §
found from simulationg10,11] are I';=132 for k=0 and € 2} =
I';:=151 for k=1. L o 105

Our lower and upper boundaries for the fluid-solid transi- — 4-----~<l-c- g ~87"________. metting ling - - - -1
tion are in reasonable agreement with the theoretical expec %= s 100 50 200 0

tations. One should note that in the experiment, the dusi
density is not homogeneous, which would lead to a position-
dependent critical';. Moreover, the simulated values corre-  FIG. 14. Particle temperature and Lindemann parameter as a
spond to infinite 2D systems. From 3D Coulomb clusters, ittunction of laser power. With the improved focus, the phase transi-
is known that the critical’; increases with decreasing par- tions of the cluster are observed at a lower manipulation laser beam
ticle number of finite system|87]. For 2D clusters, Totsuji power (35 mW).

laser power (mW)
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rameter. The cluster investigated here consistd®ofi4 par- photophoretic force gives only poor agreement.
ticles. The dynamical properties have been derived from a mode
With the refined focus, the particle temperature is in-analysis during heating. The mode analysis reveals that pre-
creased by a factor of 3 under the same plasma conditiondominantly those modes are heated that require particle mo-
Consequently, a phase transition into the fluid state is alreadjons in the direction of the beam, whereas modes with per-
observed for the first laser power settit8 mW). There the pendicular particle motions are decisively less heated.
coupling parameter is found to be arouliek 800. The solid Nevertheless, the deviation from equipartition between the
state at 0 mW haE=3000+500. Thus, the criticdl for this  modes is not that large. This finding and the analysis of the
N=44 particle cluster is larger than that of tNe=18 cluster  velocity distribution function suggest that the heating process
and is still in the range given by Totsu8]. can be characterized as nearly equilibrium.
Finally, laser-induced melting of the cluster has been
achieved. More importantly, we were able to measure the
IV. SUMMARY critical value for fluid-solid phase transitions in our clusters.

We have presented experiments for heating and meItinsé‘I was fou(;\d to b%?ig’;')%efzzgol\ﬁza 4|80 for t_P:‘lzls
processes under different conditions in a dusty plasma cry Juster and aroundi=1000 for theN=44 cluster. This Is in
tal. The dust temperature increases with the square of th jreement ‘_N'th 5|r_nu_lat|o_ns of 2D clust_er melting. Despite
laser power. We have demonstrated that the particle size, t{g!S uncertainty, this is St”.l a quite precise measurement of
number of particles, and the gas pressure play a decisive rol@® critical Coulomb coupling parameterl m_dusty pla}smas.

in the heating and melting of dusty plasma crystals. The We have demonstrgted that I_aser excna_tlon.techmques are
achievable dust temperature is inversely proportional to th& perf_le_:ﬁt tIOOI for thg m;/et_stlgatlo? of Qeatllng 'r(]j ?us'?r/] plas'-
gas pressure and decreases with increasing particle nump@fs: ' N€ [aser manipuiation system developed for these in-
and particle size. vestigations will be applied in experiments on parabolic

A model was presented that captures the main propertief-ghts in 2005 and 2006, when the application potential of

of the heating and that accurately models the dependence ope laser manipulation will be tested under microgravity con-

the plasma and crystal properties. This model was based tions

the analysis of the equation of motion of a single particle in

a cluster under random heating. Good agreement between the ACKNOWLEDGMENTS

model and the experiments was found when the particles We gratefully acknowledge financial support from DLR
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