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Laser-induced heating and melting of gold nanoparticles studied
by time-resolved x-ray scattering
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Pulsed x-ray scattering is used to examine the lattice dynamics in gold nanoparticles in water following
excitation with intense femtosecond laser pulses. At lower excitation power the initial lattice heating is fol-
lowed by cooling on the nanosecond time scale. The decay can be described by solving the heat transfer
equations including both the bulk conductivity in water and a finite thermal boundary resistance at the particle-
water interface. The lattice expansion rises linearly with excitation power, up to an excitation power corre-
sponding to a lattice temperature increase of 529 K. At higher temperatures the lattice shows a loss of
long-range order due to pre-melting of the particles. At the bulk melting temperature, complete melting occurs
within the first 100 ps after laser excitation.
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[. INTRODUCTION may also contribute to the damping. There seem to be large
differences in the damping times, depending on whether par-
Dynamical processes in metal nanopatrticles currently atticles are embedded into a solid glass mateg in the case
tract much interest:® For instance, time-resolved optical ex- of silver particles in the works of del Fatgit al®) or sus-
periments have allowed deep insight into electron relaxatiopended in water, as in the case of the works of Hartf&nd,
processes in noble-metal nanoparti¢tesAnother focus of  where very long damping times are observed.
interest is the structural dynamics of nanoparticles, which Subsequent to the thermal equilibration between electrons
may significantly differ from the bulk case due to size ef-and lattice, the thermal energy is released to the surrounding
fects. For instance, if the particle size is in the same range aanvironment via phonon-coupling across the particle-matrix
the mean free path of phonons, the phononic heat transport isterface?~?These cooling times range from a few picosec-
changed in comparison to the bulk. Furthermore, the limitedbnds to nanoseconds, depending on environment and size of
size gives rise to shape vibrations, which have been widelyhe particles® Only few investigations address the nature of
studied®-16 the heat transfer and the time scales. Hu and Hartfdrale
Studies of the structural dynamics in metal nanoparticlesneasured the thermal cooling of gold nanoparticle sols in
have mostly been done by time-resolved optical pump-probevater and find an almost quadratic dependence of the cooling
spectroscopysee, e.g., Ref. 4 for a reviogwin such experi- times on the diameter of the particles. The transient absorp-
ments, the energy absorbed from the pump pulse leads tot@n signal is approximately proportional to the particle tem-
heating of the conduction electrons. The probe pulse theperature, and a signal decay close to a stretched exponential
samples the changes in the particles’ optical properties inas a function of time was reported. This is in agreement with
duced by the pump pulse. These changes are correlated talculations assuming that the bulk heat diffusion in the ma-
both the electron heating and the subsequent structural dyrix determines the time scale for cooling. Such behavior has
namics. Electron-phonon coupling leads to a transfer of thalso been found in water oil emulsioffsin contrast, in
electronic excess energy into lattice heat. Beats in the trarsilver-glass systems an exponential decay with a linear de-
sient absorption spectra are usually interpreted as shape \pendence of the cooling times on the diameter has been
brations of the nanoparticles triggered by the sudden thermdbund? representing a limiting case where an interface re-
expansion. The period of the oscillations is in most casesistance dominates the transport. Wilssnal 22 give an es-
identified as that of the lowest-order spherical vibrationtimate of the relative importance of both effects and try to
mode, or breathing mode. Only a few authors report higherdetermine the nature of the heat transport causing the cooling
order shape vibrations in time-resolved pump-probeof Pt nanoparticles.
experiments; in contrast to the fact that they are observable At high excitation densities, melting of the nanoparticles
in Raman®° or Brillouin scattering?® may occur. Link and El-Sayéd®have investigated the shape
These oscillations are usually damped within a few cyclegransformation of rod-like gold nanoparticles and found time
of oscillation, due to acoustic coupling to the embeddingconstants of 30 ps for the transition to the stable spherical
matrix; decay into thermalized phonons in the nanoparticlesonfiguratior?® a time scale which is comparable to phonon-
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further changes in the optical spectra were observable. Rap-
idly sedimented parts of the solution were removed and the
rest was stable for weeks to be transported to the synchro-
tron.

Optical extinction spectrgOcean Optics spectrometer
from different samples produced with this method are shown
in Fig. 1. The polaritonic redshift of the plasmon resonance
with increasing size is clearly visible. The spectra have been
normalized to the same atomic gold concentration. The rela-
tion between extinction and absorption at 400 nm has been
] calculated using Mie theoAWe conclude that the absorbed
0.0 - ey power density at 400 nm does not change strongly with par-
400 500 600 700 800 900 1000 ticle size. We therefore believe that particle-size dispersion

wavelength [nm] should not lead to an inhomogeneous excitation of the par-
ticle ensemble.

FIG. 1. (Color onling Extinction spectra from samples contain- Particle sizes were determined by a scanning electron mi-
ing gold nanoparticles with mean diameters of 46, 67, 100, and 138roscopy(SEM, Hitachj analysis of particles adsorbed on
nm, respectivelyplasmon band maximum from left to righfthe  polyelectrolyte plated silicon substrat®s* The size disper-
spectra have been normalized with respect to the atomic gold corsion is usually around 15%, which is larger than what has
centration. The results presented in the following figures have beebeen achieved by radiation chemistry technictteResults
obtained on the 100 nm particlethick solid line). of a sample containing gold particles of 100 nm diameter are

presented in the following; similar results have been ob-
phonon scattering times. Hartland, Hu, and SHdeave ad- tained also for other average particle diameters. The x-ray
dressed the problem of the melting transition by searchingpowder scattering performed on the particles reveals that the
for discontinuities in the vibrational mode frequency as aparticles are internally polycrystalline with a mean grain size
function of temperature. The absence of such a discontinuitpf 35 nm as derived from the Scherrer forméfta.
up to large values of the incident laser power was interpreted The time-resolved scattering experiments have been per-
as a consequence of bleaching of the interband transitiorformed at the beamline IDO9B at the synchrotron radiation
under intense excitation, which limits the achievable latticesource ESRES37 A femtosecond regenerative Ti:sapphire
temperature. In bulk semiconductors, high excitation densiamplifier system(Spectra Physics, Cohergritas been syn-
ties may induce a melting transition nonthermally by trans-chro locked to the radio frequency of the acceleration cavity
ferring valence electrons into anti-binding states, whichof the electron storage ring. Thus the emission of laser pulses
causes the long-range order to vanish within a fewis synchronous to the time structure of electron pulses within
picosecond$? A structural phase change during the semicon-the vacuum ring and therefore also to the emitted x rays at
ductor to metal transition in VOQwas reported to occur the undulator device. A 235 pole undulator of 17 mm period
within 10 ps after laser excitatioH. produces intense x-ray pulses at a center wavelength of 15

Here we address the lattice dynamics of optically exciteckeV. They pass through a channel-cut silicon monochromator
gold nanoparticles in water by time-resolved x-ray scatterin order to achieve a relatice energy bandpass ok1.@* at
ing. Our method allows us to gain a more direct access to th&5 keV.
atomic structure of the particles after laser heating than is The pulse repetition frequency of the x-ray emission is
possible with purely optical techniques. Lattice expansiorabout 568 kHz in a time-resolved mode of 16 circulating
and the disappearance of long-range order are direct indic&lectron bunches, i.e., much higher than the laser repetition
tions for a melting phase transition. The cooling of the nano+ate of 896 Hz. A matching of the pulse sequence is achieved
particles due to heat transfer to the ambient water is ana@®y a mechanical chopper for the x rays, which runs at the
lyzed. same frequency as the laser and is synchronized to a fixed

electron pulse. The delay between laser and x-ray pulses can
Il. MATERIALS AND TECHNIQUES be varie_d |n steps of 5 ps over a millisecond range. The
electronic jitter from the feedback loop of the oscillator cav-

Gold nanoparticles have been synthesized by the wellity (phase lockdetermines the actual laser-to-ray timing pre-
known citrate method! We control the sizes of the particles cision and is much smaller than the x-ray pulselength of
by varying the relative concentrations of gold ions with re-80-110 ps(16 bunch modg The calibration of coinciding
spect to the citrate reductant. In brief, 50 ml of a 0.4 to 1 mMpulsegdelay timer=0) is done by the onset of photo signals
solution of HAuC}), was brought to boil and 1 ml of hot as seen in Fig. 2, to a precision better than 20 ps. This setup
trisodium citrate solution of typically 0.4—0.8% volume was allows one to apply pump-probe schemes as known from
added quickly. Having a homogeneous boiling temperature g&emtosecond optical spectroscopy. A two-dimensional x-ray
the boiling point was crucial for minimizing the size detectorMarCCD 64um pixel size, 133 mm diameter, Mar
dispersiort? The color of the solution changed from blue to Research, Hambuygs used to record the scattering from the
red (and orange for the larger particles as light scatteringcrystalline lattice.
becomes importantwithin several minutegsee spectra in The aqueous gold solution is injected into a thin-walled
Fig. 1). The liquid was kept boiling for 15 min until no borosilicate capillaryHilgenberg, Germanyof 0.3 mm di-
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0.010 the particles. This is consistent with coherent lattice vibra-

4 tions typically observed in time-resolved optical pump-probe
experiments. The strain-induced peak broadening decays
within 350 ps.

For comparison with the experiment, we perform model
calculations of the particle cooling. Similarly to Wilsat
al.,2 we assume in our calculations a finite thermal interface
conductance and a negligible temperature gradient within the
particle. The excitation conditions present in our case make it
possible to operate in the Laplace domain. The heat transfer
equations for a spherical particle in an ambient medium with
diffusive heat transport are given by

delay [ps] Mc, - (s Ty(s) — To) + 47R’G - (To(s) - Ti(r=R,8)) =0
1)

Aa /a

FIG. 2. (Color onling Relative lattice expansion determined
from the (111) reflection as a function of the delay time between
laser and x-ray pulses. The delay time is plotted on a logarithmic in(r,s)
scale to compare the experimental data with the solution of the heat ar

transfer equationgsolid line) and a stretched exponential function . . . .
(dashed |i?1¢ & ) P wheres denotes the time-conjugated variable in the Laplace

domain.Ty is the initial temperature of the nanoparticle with
radiusR, massM, and specific heat,. T(r,t) is the tem-
erature of the surrounding fluid with thermal conductivity
, densityp, and specific heat. G is the interface conduc-

+GIK - (Ty(9) = Ty(r,9)=0, (2
r=R

ameter. Care is taken to have a sulfficient flow to replace th
liquid between successive laser shots, using an appropriaj

flow velocity. Therefore each portion of the sample is Onlytance. The temperatufE, of the particle at time after the

excited once to avoid the accumulgﬂon of d_amage from th%xcitation is obtained by inverse Laplace transformaticfi as
laser. The laser and x-ray beams hit the capillary almost col-
2kReg%T, J ” exp(— kU2t/R?)u?du
T o (u

linearly. The laser power is controlled by neutral density fil-

ters and calibrated with a laser power m&t@ohereny, 150 2(1+Rg - kRg?+ (u®- kRgy?’
fs pulses from the regenerative amplifier are frequency

doubled to 400 nm and used for sample excitation. 3

The powder scattering from the nanoparticle solution isyhere the diffusivityx=K/(pc) is introduced. The abbrevia-

integrated azimutally and, after normalization and backygns k=47TR3pC/(MCp) andg=G/K are used for the sake of

ground subtraction, the peaks are fitted with Lorentz func,'compactness. The integral is solved numerically using mate-

tions. This approach delivers the lattice expansion in the di;o| <onstants for gold and water from the literat@é? Cal-

rection of the chosen Bragg planes as well as peak intensitiea“ating Aa/a(t) from Ty(t), we fit the decay of the lattice

and peak widths as functions c.)f the delay tlnjde)etween xpansion usings as a fit parameter. The best estimate for
laser and x-ray pulses. The lattice expansion is used to c he conductance iI§=(105+15 MW/ (m2K). This result is

culate the lattice temperature. In the present case only thqose 0 the valu€=130 MW/(m?K) reported for platinum

(111) reflection have been presented, as it is by far the stron: icles i P

gest peak. Consequently, we discuss only the thermal expaHgnoDart'p es in water. . L

sion in the(111) direction and melting as a loss of the long- . Aspemql case is present if heat cond_uct|on is much faster
. . L in the ambient medium than across the interface between the

ralmgt_a orde'r n thgt par\]rtlcl:ular d|rect|on|.At Ilgast as Iong;s th‘?]eat source and the medium. Then the temperature of the

foﬁz\t,'vﬁnexgﬁg“?g} Itr;l; gngrvgirspgfv:ﬁ(;z%\é)e rlesflggtri]gﬁrmisvees water layer at the particle-water interface may be expected to

identica%1 resurl)ts. We havey no indication that crystgl aniso-remain nearly constant throughout the par_ticle cooling. The

tropy should be of importance in the present case. particle temperature then decays exponentially accorditig to

-1
Tp(t) -To= (Tp('[) = To)max" exl{_t . (B‘gﬁél—?) :| @

Tp(t) =

Ill. PARTICLE COOLING

Figure 2 displays the relative lattice parameter changevherep, is the density of gold. In this approach the relax-
Aa/a as function of delayr between laser and x-ray pulses. ation time, i.e., cooling time, will depend linearly on the
At a laser power of 14.7 mW a maximum expansion ofparticle radiusR. A linear relation has indeed been observed
0.91% is observed. The rise time of the signal is essentiallyn glass-embedded silver nanoparticles, and an interface con-
determined by the full width at half maximufFWHM)  ductance of G=(190+15 MW/(m?K) has been
pulse width of the x rays of 90 ps. After the initial expansion determined?® In the present case of gold nanoparticles in
a relaxation of the lattice parameter is observed, indicatingvater, howeverK is lower than for silver nanoparticles in
the cooling of the particle by the surrounding liquid. In ad- glass. Therefore the temperature rise of the water layer adja-
dition, within the first 100 ps strong distortions of the Lorent- cent to the particle cannot be neglected. This leads to a re-
zian peak shapes are present, which indicate strong strain @guced cooling, in particular at long time delays, and to a
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nonexponential temperature decay. Thus the full solution, 0
Eq. (3), to the heat transfer equations has to be used.

Another special case has been treated by Inatyal,?!
Hu and Hartland® and Seifert, Patzlaff, and GraerféThis 0.0151
situation occurs if the heat conduction is much slower in the
ambient medium than across the interface. Formally this case (\‘3
corresponds ta@G/K —. The solution to the heat transfer < 0.0104
equations is given by a nonexponential decay of the particle
temperature. Hu and Hartlaffthave approximated the decay

0.005-
by a stretched exponential with stretching parameter
Tp(t) - TO = (Tp(t) - TO)max ’ eXF(_ (t/T)y) . (5) o'ooo_l
They have derived values of around 0.7 from a com- z 75 ¢
parison with the experiment. The decay times vary system- % ' v ——e—
atically with the size of the spheres as <
T R, (6) g 0.5 ¢ 5
wheren=2. We note that when we do the same approxima- § b)
tion and fit stretched exponential decays to the full solution 0.0 : : : ; . &
0 5 10 15 20 25 30

[Eq. (3)] as in Fig. 2, we obtain an exponent n¥1.46,
which lies between the two extreme cases of particle cooling
“ml.teq _by thermal mterface _reS|stance and by the thermal FIG. 3. (Color onling (a) Relative lattice expansion at a fixed
reS|s.t|\{|ty of the a”.“b'e”t medlu.m. Our r.esults. thus show thaEielay of 105 ps as a function of incident laser power. The solid line
the fm't,e thermal mterface resistance 'S_ an |mportant eﬁeCFs the result of a calculation of the expected expansion, when bulk
controlllng the cooling of metal nanoparticles in a COndense%onstants of gold and details of the experimental setup as listed in
matrix. Table | are considered. The line ends where lattice melting should
occur for the bulk. The dashed line for comparison represents a
IV. NANOPARTICLE MELTING constant expansion coefficient of 0.000 0142 Kb) Scattering in-
. . tensities of thg111) reflection as function of laser excitation power
Hartland, Hu, and Sad€rhave attempted to pinpoint the (dot9). The solid line shows the calculated Debye-Waller reduction

melting transition via the elastic properties of the nanoparyf the scattering intensity at increasing lattice temperasee Ref.
ticles. They measured the vibration frequency of the breathasg).

ing mode with high precision but have found no discontinu-

ity at the melting point. They conclude that a saturation ofmelting*® We have checked this expectation by measuring
light absorption limits the energy that can be transferred tdhe thermal expansion coefficient of 60 nm gold nanopar-
the lattice. They raised the temperature nominally to valuesicles in a separate static experiment on particles supported
which were up to two times higher than the melting point ofon a surface. For particles the thermal expansion coefficient
gold at 1065 °C. The lattice expansion may serve as a moris 14.42) X 10°% K™ at room temperature, which is the same
direct way to monitor the particle temperature as well as thes in the bulk within our confidence interval. At higher tem-
melting transition. peratures the values from Ref. 44 are used.

For the determination of the melting transition the laser As shown in Fig. 8), the experimental and calculated
excitation power is raised step-wise while monitoring theexpansion are in good agreement at low excitation powers.
Bragg peak of the particles at a delay timerefl05 ps. The  This implies linear absorption of light and complete transfor-
lattice expansion in the solid phase is derived from the Braggnation of the absorbed energy into lattice heat. Above 15
peak position. In Fig. @) the lattice expansion is plotted mW, however, the measured expansion strongly deviates
against the time-averaged power of the femtosecond lasefrom the calculated one. This deviation cannot be explained
Aala increases approximately linearly with increasing laserby bleaching of the interband absorption due to depletion of
power, up to a power of 15 mW. At larger excitation levels the 5 band?® since in our experiments on the average less
the expansion flattens while the peak intensity decrefases than 0.1d electrons per gold atom are excited into the
Fig. 3(b)]. 6sp-band; moreover, thesa electrons will be replaced via

For comparison, we have calculated the expansion extast Coulomb scattering in a few tens of femtoseconds, i.e.,
pected from the experimental conditions, using no adjustabl@ithin less than the pulse duratip.
parameters. In particular, we have taken into account the Figure 3a) shows a gradual decrease of the scattering
laser repetition rate of 896 Hz, the focus size of 0.33 mmintensity up to a time-averaged laser power of 15 mW. This
FWHM,*? and bulk thermodynamic parameters of gold,drop can be explained by the scattering reduction according
similarly to Ref. 16. We note that for particle sizes above 10to the Debye-Waller factor as calculated for bulk gfddlid
nm the thermal expansion coefficient and heat capdsig line in Fig. 3a)]. At powers above 15 mW, the peak vanishes
Table |) are not expected to deviate significantly from the quickly, which indicates that melting sets in. When melting
bulk case at temperatures below the onset of surfaceccurs, the absorbed energy should partially be incorporated

Laser power [mW]
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TABLE |. Parameters used for calculating the nominal particle expansion as function of laser power.

Values Reference
Laser repetition rate 896 Hz
Laser focug FWHM) 0.334mm Knife edge scan
Capillary diameter 0.3mm
X-ray beam size 0.08 0.1 mn?
Slab extinction at 400 nm 0.077
Mie scattering loss 37% Mie calculatibn
Atomic gold concentration 0.93 mol/I
Heat capacityconstant 23.81 J(K mol) 16,39
Heat capacityfirst temperature derivatiye 0.005 J(K mol) 16,39

Linear expansion coefficierft< 10f)

(after 44 valid in between 300 and 1300 K

Constant 12.002 69
First derivative 0.009 53
Second derivative -8.40.06
Third derivative 5.48-09
Heat of fusion 12.4 kJ/mol 16,39

as heat of fusion, thus reducing the expansion of the crystabccurred up to this point. The situation changes completely
line core with respect to the nonmelting case. This explainsvhen the laser power is doubled. When calculating the nomi-
the deviation of the measured expansion from the calculategal particle temperature from the energy absorbed per unit
one above 15 mW in Fig.(d). It is, however, remarkable cell and the heat of fusion, this power level should be suffi-
that this melting transition occurs so far below the bulk melt-cient to reach the two-phase region, where solid and liquid
ing temperature of 1336 Kwhich would correspond to a 9old coexisi(almost half of the volume should be moljem
laser power of approximately 28 mW in our experiment fact we see that the Bragg peak disappears, which indicates
Indeed our experiments have never shown any lattice expafat the long-range order has completely vanished at a time
sion above about 1.2%, whereas an expansion of 1.82% [lay of 100 ps. As far as the experimental resolution, which
expected at the bulk melting temperature. The reduction of limited by the counting statistics, allows us to assert, no
the melting temperature with size is a well known effect ;:rystall;]ne T&t)e”al rﬁm;"ﬂs-hTh!S meltlnlg procefs?] must b_e
. . : . " faster than ps, which is the time resolution of the experi-
For instance, 8 nm sized platinum nanoparticles have re- ; U
cently been shown to sufferpa melting poinl? depression fro ment. After 5 ns the peak partially reappears, indicating that

; . rT}ecrystallization starts after times much longer than the cool-
a bulk vglue'of 1770 o 600 °€.However, the meltmg point ing times observed in the previous section. This is an indi-
depression is usually important only for particles below 10c4ti0n of a slow nucleation rate of solidification. The late

nm in diameter, which is not the case in the present studyecrystallization could also be caused by a change of the
even if the grains within one particle are taken as referencqgca| solvent environment, which is strongly heated and
On the other hand, the effects of surface melting are imporcoyld form a gas layer at the metal surface; this could then
tant for all particles sizes. Calculations on lead partiles |ead to longer cooling times than at the low excitation pow-
show that surface melting should occur at temperatures asrs studied in the previous section. However, the position of
low as 70% of the melting point. We expect that a liquid the peak at 5 ns is not where it would be expected for solid
layer exists around a crystalline core in the power rangeold at the bulk melting point, but is already quite close to
where the scattering intensity is reduced. Unfortunately, outhe reference without laser excitation. This observation fa-
peak profiles do not allow us to prove that melting in ourvors an explanation in terms of slow nucleation. Finally, at 1
gold nanoparticles starts from the surface, as the peak widtis the peak is restored with the same width. This fact would
and particles size are essentially decoupled due to the polymply that the particles are completely intact after solidifica-
crystalline nature of the particles. tion and the transition is reversible. However, two effects

Figure 4 displays the scattering profiles for various delaycould counterbalance each other. First, the particles may be
times and excitation powers. At a time-averaged power ofeduced in size or disappear due to fragmentation, which
14.7 mW we observe a maximuma/a of 0.91% corre- would broaden the peak or reduce the scattering intensity. At
sponding to a nominal lattice temperature increase of 529 Kthe same time the resolidified particles could be of better
The peak shift to lower angles relaxes back on a nanosecoratystalline quality, which in turn enhances the intensity and
time scale and finally returns to zero when approaching comsharpens the scattering profiles. Raising the power beyond 29
plete thermal equilibrium. After a delay of Is the peak mW leads to reduced scattering at a delay time qisl
shape is completely restored, demonstrating that the particlgminting towards severe fragmentation processes. The impor-
are not damaged by the laser excitation, and that the crystafance of fragmentation is a point that clearly deserves further
lite size did not change. We conclude that no melting hastudies.
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FIG. 4. (Color onling Peak profiles of thél11) reflection at different delay times and excitation powers. The black solid line in each case
is the peak as observed without laser excitation, reflecting the static structure of the particles. The open circles correspond to a laser power
of 14.7 mW, equivalent to 529 K lattice heating. For the crosses the laser energy is doubled to 29 mW, thus the temperature approaches the
bulk melting point.

V. CONCLUSION order, could be the reason for the absence of a sharp discon-

Time-resolved x-ray scattering has been used to directlglnuity in the works of Hartland, Hu, and Sadwho could

. . . : ._hot identify the melting transition by optical methods.
Lzsvcgvt?eg“gsbc'ggtg%etsol?n?eor:(sj,eni:soeearﬂfsl: 'r_:_r\:\éatel;is\g?ﬁ It would be desirable to further investigate the melting
! P ' P hsition in metal nanoparticles excited by short laser

the parycles by several hundreds of Kelvin, While the NS€ Oly1ses. One would have to differentiate between partial melt-
the lattice temperature is too fast to be resolved in our €xjg of the particle ensemble and that of the structure of each
periment, which has a 100 ps time resolution, we were ablgjngle particle. With a better size dispersion an independent
to follow the cooling of the lattice, which transfers its energy stryctural information could be obtained via small angle scat-
to the surrounding water matrix. Bragg scattering additiontering, which can resolve the radial density distribution
ally reveals transient strain that is present in the particlesyithin the particles. Time-resolved scattering setups are fully
during the first hundred picoseconds, pointing to coherengpplicable for this technique. Furthermore, the demands in
particle vibrations. In contrast to the findings in Ref. 26 wemomentum resolution are by far lower than for Bragg scat-
have no indications that the heat transfer to the surroundingering; this would open up the way for applying advanced
should be governed solely by the heat conductivity of thex-ray bandwidth schem&%in order to increase the signal-to-
water matrix, but the temperature decay is consistent with aoise ratio.

finite heat transfer through the interface. A value of Finally, the experiment presented here has a time resolu-
(105+15 MW/(m?K) is deduced for the thermal interface tion that is limited by the natural pulse lengths of electron
conductance. At high laser pulse energies the behavior is ngunches in a circular accelerator machine. These pulse
longer elastic and power-dependent studies show that struéengths are tightly connected to the operation parameters of
tural disorder effects already occur below the bulk meltingthe machine. There are already alternative solutions available
point. When increasing the intensity further a complete disto increase the time resolution towards the 1 ps range by
ordering of the atomic arrangement is observed, whictpulse slicing, streak camePir even new accelerators.
proves that a melting transition takes place. This melting
transition occurs within the first 100 ps after excitation. Re- ACKNOWLEDGMENTS
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