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The optical limiting e†ect induced by gold clusters was measured as a function of excitation wavelength. The
limiting e†ect is most efficient below 530 nm, and decreases towards the red. Two di†erent behaviors are seen
in the time-resolved signals in the nanosecond and picosecond ranges. These behaviors have di†erent time
delays for the amplitude maxima and for the Ñuence thresholds where nonlinear e†ects are observed. This
suggests that two types of scattering centers are responsible for the optical limitation. The fast mechanism,
which reaches a maximum amplitude in less than 1 ns, occurs at relatively high Ñuence and for short pulses
and is assigned to the vaporization of metal particles. It is more pronounced for large clusters where the
absorbed light energy is primarily highly conÐned. The slow mechanism, which develops in a few nanoseconds,
is assigned to the energy transfer from the gold particles to the surrounding solvent and to the formation of
solvent bubbles. At lower Ñuence and for smaller size clusters, only the second mechanism is observed in the
nanosecond range, because the efficient dissipation of energy from the small clusters to the solvent, which
produces bubbles, precludes metal-particle vaporization.

Introduction
While considerable research has been undertaken, there is still
no completely satisfactory material whose optical properties
can be designed to shield detectors or eyes against laser
impact.1h12 The processes that these materials must undergo
to limit light are quite complex ; however these processes must
be relatively reversible after intense illumination. This is true
even if the limitation arises from a sudden and drastic change
of the material (for example a phase transition). The efficiency
of the material over a spectral range as broad as possible is of
particular importance for practical applications. Particles sus-
pensed in solution constitute one type of optical limiting
system.2 Earlier studies in the Ðeld of optical limitation used
suspensions of carbon particles,3,4 which act as absorbing
centers to induce a nonlinear e†ect within a conÐned area.
Some experiments on carbon black suspensions seem to show
that the limiting threshold depends on the linear absorption.
More recent results have shown that other suspensions such
as metal,5h12 metal sulÐde5 and semiconductor5 nanoparticles
can also limit the intensity of a laser pulse.

In a previous paper,11 we presented preliminary results on
the supplementary absorbance induced by laser pulses in gold
clusters due to nonlinear e†ects. The efficiency of the optical
limitation was found to be dependent on the cluster size. It
was shown that the Ñuence threshold decreases and the ampli-
tude of the limiting e†ect increases with increasing cluster size.
The dynamics of the optical nonlinear e†ect induced in gold
clusters by a 30 ps laser pulse was studied at rather low
Ñuence (0È0.6 J cm~2) and in a time range up to 7 ns. From
the observation of the shape of the optical spectrum induced
by a 30 ps laser pulse, the optical limitation e†ect originating
from the gold particles was assigned to the formation of
strong light-scattering centers that are developed within a few
nanoseconds and relax mostly reversibly. However, the nature
of these scattering centers and their formation mechanism

were just speculations, because the results could not dis-
tinguish between scattering centers that arise from expanding
metal particles or solvent bubbles.11 Quite recently, an
exhaustive study has been published on irreversible laser-
induced shape changes of colloidal gold nanorods observed by
transmission electronic microscopy.12 The changes were
assigned to a sequence of energy absorption, particle heating
and melting and energy transfer to the solvent. They depend
strongly on the laser pulse energy and width. Nanorods frag-
ment at high laser Ñuences and are melted into spherical
nanoparticles at lower laser energy. The mechanism of limi-
tation by metal nanoparticles and their possible reversibility
when used as optical limiters are certainly the most important
aspects of this kind of study.

Taking advantage of the strong wavelength dependence of
the optical spectrum of metal clusters (in contrast to carbon
black suspensions), we performed experiments at various laser
excitation wavelengths. We have also extended the dynamic
studies with 30 ps laser pulses to higher energies than pre-
viously (up to 2 J cm~2) and with various sizes of clusters
(radii from 2.5 to 15 nm). Other dynamic studies are also pre-
sented at longer pulse duration (10 ns) to observe nonlinear
e†ects at longer times (up to 80 ns) under conditions close to
those where optical limiting e†ects are measured. The results
obtained at various wavelengths for di†erent particle sizes and
at di†erent timescales allow us to propose a mechanism to
explain the nature of the light scattering centers which are
responsible for the optical limitation.

Experimental
All chemicals were reagent grade and were used as received :
gold salt, (from Degussa), 2-propanol (fromKAu(Cl)4Prolabo), Methylviologen chloride (MV2`, 2Cl~) and poly-
vinyl alcohol (PVA, hydrolyzed at 99% with average Mw85 000È146 000 g mol~1) (from Aldrich).
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The concentrations of AuIII (5] 10~4 mol L~1) and of 2-
propanol (0.2 mol L~1) were the same for all the samples.
Four di†erent types of 5] 10~4 mol L~1 gold solutions (I, II,
III and IV) were irradiated with a 60Co source at the same
irradiation dose of 1.80 kGy. Other conditions were changed
in order to get clusters of various diameters (Table 1). The
cluster size measured by transmission electron microscopy
(TEM) increases with decreasing polymer concentration.13
The addition of an electron relay, MV2` (10~3 mol L~1),
before irradiation in gold solutions of type III allows develop-
ment of larger clusters according to the results found pre-
viously.11,14 Methyl viologen does not interfere with the
present study since it does not absorb visible light in the laser
experiments. The synthesis conditions for samples I, II and III
were described in detail in the previous work.11 Types I and
III are stable for weeks ; type II shows a coalescence of the
gold clusters after one week due to the lower polymer concen-
tration. The solutions were studied within two days of their
synthesis. Samples of type IV were prepared with an even
smaller PVA concentration (10~4 mol L~1). After c-
irradiation, various concentrations of PVA were added (up to
10~1 mol L~1) to check the PVA inÑuence on the nonlinear
e†ect.

After c-irradiation, all the solutions displayed the speciÐc
surface plasmon band of gold clusters with a maximum
around 520 nm (absorbance AB 0.22È0.28 for 2 mm optical
path). The shape and the intensity of the spectra are quite
reproducible. The detailed band shape depends on the sample
and the preparation method, particularly in the red part of the
spectrum. This component, which is assigned to light scat-
tering is negligible for particles from 2 to 5 nm11 (samples I
and II) but displays an increasing intensity with the increasing
agglomeration as observed for III.11 In the visible, the
maximum is shifted from 515 nm for I to 530 nm for III,
which is consistent with the increase in size that was observed
in the TEM micrographs. The subcolloidal suspensions were
studied fresh, before aging unless otherwise stated, in order to
avoid agglomeration. In agreement with the sample spectra,
the TEM images showed11 the presence of non-agglomerated
spherical particles with an average radius of 2.5 nm for
samples I, 5 nm for samples II and IV. For samples III, a
small red component of the spectrum indicates some weak
agglomeration of the individual particles of 15 nm.

Experiments were performed using three di†erent laser
facilities with di†erent Ñuences and pulse durations. Optical
limiting measurements were obtained using a wavelength-
tunable laser source (8 ns fwhm). It consisted of a tripled Q-
switch Nd:YAG laser (1 Hz) that was used to pump an
optical parametric oscillator (OPO with a BBO crystal). The
wavelength values at the output of the OPO were checked
with a monochromator. The optical limiting e†ect was mea-
sured by focusing the laser light at di†erent wavelengths into a
2 mm quartz cell containing a solution of gold clusters and
measuring the transmitted light. The focusing optics were f/5.
This set-up allowed us to obtain Ñuence values as high as 200
J cm~2. The presence of a diaphragm located between the cell
and the detector allowed collection of 100% of the energy at

Table 1 Conditions of clusters synthesis. M,[KAuCl4]\ 5 ] 10~4
[2-propanol] \ 0.2 M, c-irradiation dose 1.8 kGy

[MV2`] [PVA] Mean radius
Sample /M /M /nm

I È 10~1 2.5
II È 10~4 5
III 10~3 10~1 15
IV È 10~4a 5

a PVA added after irradiation : 0 to 10~1 M.

low Ñuence while the scattered light at high Ñuence was
mostly stopped. The value of the beam waist, measured with a
CCD camera, was around 7 lm. Variation of the input energy
was obtained by using di†erent neutral density Ðlters and
wave plates with a polarizer. The integral energy within the
pulse was measured with an energy meter, Laser Precision
Instrument (RJP765), itself calibrated by a RJ7620 energy
radiometer.

The experimental set-ups for time-resolved measurements
have already been described in the previous study.11 One uses
a Q-switched Nd:YAG laser (25 mJ per pulse at 532 nm, 10
ns fwhm, 2 Hz) and the other a single 30 ps pulse selected
from the pulse train delivered by a mode-locked Nd:YAG
laser (2 mJ per pulse at 532 nm and 8 Hz). Both excitation and
analyzing beams were nearly collinear inside the cell. The
solution was refreshed after each pulse by a circulation
system, and the whole sample solution was replaced after 100
pulses. The variation of the input energy was obtained by
using di†erent neutral density Ðlters whose absorbance at 532
nm is known.

For nanosecond studies, the second harmonic (532 nm) of
the Nd:YAG laser was focused near the entrance window of
the cell (l \ 1 mm) containing the gold particles. At the cell
output, the analyzing beam was collected by a lens. A mono-
chromator located just before the detection system collected
100% of the energy of the probe beam at low Ñuence. For
nanosecond studies, the analyzing beam was f/25. A dia-
phragm was located just in front of the cell. The cross section
of both pump and probe beams were about 1 mm2 inside the
cell. The maximum Ñuence is 4.8 J cm~2 per 10 ns. The time
resolution of the detector is less than 1 ns.

For picosecond studies, the excitation waist was larger than
the analyzing waist, so the analyzing beam could probe a uni-
formly excited area. The focusing setting was f/25, which gives
a waist of 450 lm inside the cell. A white-light analyzing beam
was created using a part of the laser beam and lasts for 40 ns.
The maximum Ñuence is 2 J cm~2 per 30 ns. The light was
detected using a streak camera with a time resolution of 10 ps.

Results

Optical limiting e†ect

In our previous paper,11 the most intense limiting e†ect
induced by the gold clusters at 532 nm was observed for the
largest clusters (agglomerated Ñocs of 15 nm particles), while
for samples of type I (2.5 nm) we did not observe any limiting
e†ect. The set-up used in the present study allowed us to
investigate the optical limitation measurements in a higher
Ñuence range (0.1È200 J cm~2) than our previous measure-
ments.11 Now, even for type I samples, which contain 2.5 nm
clusters, we clearly observe a small e†ect, although it appears
only at very high Ñuence, i.e. above 30 J cm~2 (Fig. 1 top). We
also investigated the limiting e†ect with 15 nm clusters at
various excitation wavelengths (470È675 nm) keeping the
same initial solution. These solutions had varying initial linear
transmission as shown in Fig. 1, bottom. Optical limiting,
which is induced in gold samples, depends more strongly on
the laser wavelength, than it does for carbon black suspen-
sions.15 At Ñuences less than 0.4 J cm~2, the transmitted light

is constant (linear range) for all the excitation wave-I/I0lengths. However, above a Ñuence threshold, which depends
on the wavelength, the transmission decreases as the Ñuence
increases (Fig. 1). The threshold Ñuence values that corre-
spond to the transition from the linear to the nonlinear
response regime are obtained from the crossing points
between the extrapolated transmission curves at low and at
high Ñuences (from Fig. 1). When plotted vs. the wavelength,
the threshold Ñuence value decreases from 670 to 530 nm and
then remains approximately constant (Fig. 2). Note that at 532
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Fig. 1 Limitation experiments through gold particles suspensions vs.
the incident Ñuence. l \ 2 mm. Top: sample I excited at 532 nm
(radius 2.5 nm), Bottom: sample III (radius 15 nm) at various wave-
lengths. Linear absorbance at 532 nm is 0.20 for an optical path of 2
mm.

nm the threshold for isolated 15 nm particles is about 5 times
higher than that found previously for agglomerated Ñocs.11

The degradation of the optical nonlinear response of
samples II and III after repetitive ns pulses (without circula-
tion of the solution) at the Ñuence of 5 J cm~2 was studied in
our previous work.11 For sample II, the transmission at this
Ñuence increases rapidly and within about 20 pulses at 1 Hz
the transmission is the same as in the linear absorbance
regime, which means that the optical limiting is totally lost.
For larger clusters of sample III, an efficiency loss was also
observed for the Ðrst 20 pulses but then the response is stable.
At the plateau, the efficiency is still half that of the Ðrst pulse.

Fig. 2 Comparison for sample III, 15 nm between the wavelength-
dependent Ñuence F for linear-nonlinear threshold and left ordi-((…)
nate, conditions as in Fig. 1) and the linear optical absorption
spectrum and right ordinate).((L)

Dynamics of the transient limiting e†ect

Excitation by a nanosecond laser beam (low power). To
observe nonlinear e†ects during and after the pulse (up to 80
ns), time-resolved measurements were performed using 10 ns
laser pulses at 532 nm for excitation and a white light source
as a probe. A time resolution of 1 ns was obtained. Any tran-
sient absorbing or scattering species leads to a decrease in the
light transmission. In order to examine the possible role of the
polymer PVA, sample IV was specially synthesized with low
PVA concentration (10~4 mol L~1). Variable amounts of sup-
plementary PVA were added just before the optical studies
with 10 ns laser pulse (j \ 532 nm) at 4.8 J cm~2. The concen-
tration of the solution was decreased by a maximum of 20%
by the addition of PVA up to 10~1 mol L~1. Note that in the
absence of metal clusters, PVA itself has no limitation e†ect.11
In the presence of gold clusters of sample IV, the increase in
the PVA concentration has no e†ect on the threshold of the
light limitation. However, the risetime of the induced absorb-
ance displays two steps. The Ðrst is delayed compared to the
pulse risetime and does not change with the PVA content. The
intensity of the slower step increases with the PVA concentra-
tion up to 10~2 mol L~1 and then remains constant up to
10~1 mol L~1. The relaxation becomes slower when the PVA
concentration increases from 10~4 to 10~1 mol L~1 (Fig. 3).

The changes in the absorbance of 2.5 nm clusters after a 10
ns laser pulse are very small for Ñuences lower than 2 J cm~2.
Even at 4.8 J cm~2, the signal-to-noise ratio is still low for this
sample. However, for Ñuences above 2 J cm~2, we observe a
slight bleaching just after the pulse, which is followed by a
slight increase in the induced absorbance. For sample II (5 nm
radius), nonlinear e†ects appear at all Ñuences above 0.5 J
cm~2. It is observed, mostly from 1.1 to 4.8 J cm~2, that there
is a 5 ns delay before the signal rises, which is much longer
than the response time of the detection set-up (Fig. 4). At Ñu-
ences above 1.1 J cm~2, we observe that the induced absorb-
ance increases for 15È20 ns. The absorbance slowly relaxes at
longer times (Fig. 4). For 15 nm clusters, a small bleaching is
observed directly after the pulse for the Ñuences of 0.1 and
0.24 J cm~2 (Inset Fig. 5). The bleaching at 0.1 J cm~2 lasts
for more than 80 ns, while at 0.24 J cm~2 the bleaching lasts
less than 10 ns (inset Fig. 5). The bleaching is assigned to a
slight perturbation of the plasmon absorption band under
intense excitation. The nonlinear e†ect is observed beyond the
threshold of 0.24 J cm~2. This threshold is lower than that for
5 nm clusters. It is also worth noting that the increase is
delayed after the beginning of the pulse (compare with the
time proÐle of the pulse) as for 5 nm clusters, but the delay
becomes shorter at higher Ñuences (Fig. 5). At Ñuence 4.8 J
cm~2, the e†ect for 15 nm clusters is particularly intense

vs. for 5 nm clusters).(*Amax\ 1 *Amax\ 0.08
We measured the wavelength dependence of the laser-

induced change in transmitted light for 15 nm clusters at a
Ñuence of 0.44 J cm~2 and 10 ns after the pulse (jexc \ 532
nm). The data on the measured transmitted light at high

Fig. 3 Time proÐles of induced absorbance signals (*A) at 580 nm
after focusing a 10 ns pulse (at 4.8 J cm~2) on to sample IV (radius 5
nm) at various PVA concentration (10~4 to 10~1 mol L~1), optical
path \ 1 mm. Dotted line : time proÐle of the nanosecond pulse.
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Fig. 4 Time proÐles of induced absorbance in 5 nm clusters. Other
conditions as in Fig. 3. Full line : time proÐle of the nanosecond pulse.

Ñuence must be corrected for the intrinsic linear absorbance of
the sample (Fig. 6). The corrected data on the ratio of the
probe light intensity not transmitted on the input light inten-
sity are therefore considered as the scattered fraction(I0)(Fig. 6). The scattered intensity increases slightly with(Is/I0)decreasing wavelength to the UV according to the Rayleigh
law and the spectrum is thus quite distinct from the surface
plasmon band as already observed with a 30 ps pulse excita-
tion.11

Fig. 5 Time proÐles of induced absorbance in 15 nm clusters. Other
conditions as in Fig. 3. Dotted line : time proÐle of the nanosecond
pulse. Inset : Enlargement of the signals obtained at low Ñuences.

Fig. 6 Induced spectrum obtained after the 10 ns laser pulseIs/I0exciting at 532 nm for 15 nm clusters at 0.44 J cm~2 and the(…),
corresponding spectrum corrected after addition of the initial absorb-
ance Optical path\ 1 mm.(L).

Excitation by picosecond laser beam (high power). In our
earlier work,11 we measured the nonlinear e†ect induced in
gold cluster suspensions by 30 ps laser pulses. These measure-
ments were carried out for Ñuences up to 0.6 J cm~2, and for
the Ðrst 7 ns after the pulse. In the present work, we extend
the dynamics measurements with 30 ps laser pulses to Ñuences
up to 2 J cm~2. We used a streak camera with a time
resolution of approximately 10 ps (see the response curve in
Fig. 7). In our previous work,11 for the 30 ps pulse, we did not
observe any transient absorbance during the pulse for samples
I (2.5 nm radius) for Ñuences less than 0.4 J cm~2. In contrast,
our present measurements show such an absorbance for the
same samples at energies greater than 0.5 J cm~2 per 30 ps
pulse (Fig. 7). Each curve is an average of 20 accumulated
signals (up to the storage limit of the streak camera). There is
a general increase in the nonlinear e†ect with the input
Ñuence. At 0.5È0.85 J cm~2, the increase in light limitation is
slow and the maximum amplitude is reached at 5 ns. At pulse
energies equal to or greater than 1.1 J cm~2, the nonlinear
absorbance starts as quickly as the risetime of the pulse, that
is within 10 ps and then continues to increase up to the
maximum at 0.50 ns. (Fig. 7).

Nonlinear optical e†ects induced in sample II (5 nm radius)
by a 30 ps laser pulse which are observed at Ñuences above
the threshold of 0.14 J cm~2 (Fig. 8) also show distinct behav-
iors for the induction time and the maximum time, depending
on the Ñuence. At intermediate Ñuences (0.14È0.3 J cm~2), the

Fig. 7 Time proÐles of induced absorbance after focusing a 30 ps
pulse onto 2.5 nm clusters. Other conditions as in Fig. 3. Dotted line :
time proÐle of the picosecond pulse.

Fig. 8 Time proÐles of induced absorbance in 5 nm clusters. Other
conditions as in Fig. 7. Sharp peak at short time : time proÐle of the
picosecond pulse.
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Fig. 9 Time proÐles of induced absorbance in 15 nm clusters. Other
conditions as in Fig. 7.

signal increases after an induction time of about 0.3 ns and
reaches a maximum at about 3 ns followed by a slow relax-
ation for a few tens of nanoseconds. In contrast, at higher
Ñuences (0.5È2 J cm~2), the signal increases as fast as the rise-
time of the pulse and reaches a maximum within 1.3 ns.

Similarly, absorbances induced in 15 nm clusters display the
same time evolution : a delayed increase at moderate Ñuence,
and an immediate increase at high Ñuence (Fig. 9). The ampli-
tude of the maximum increases considerably with the cluster
size. At low Ñuences (0.18È0.28 J cm~2), the nonlinear e†ect
appears after a delay of 0.7 ns and the maximum of the
induced absorbance occurs at 3 ns. At higher Ñuences (above
0.9 J cm~2), the nonlinear e†ect appears as fast as the
response curve (O0.010 ns) and increases rapidly up to a
maximum at 1.5 ns, the following decrease then lasting tens of
nanoseconds.11

Discussion
In agreement with our previous work,11 the results obtained
here conÐrm that there is a marked size inÑuence on the limit-
ing e†ect induced in gold clusters. The processes depend
strongly in amplitude and kinetics on the cluster size and on
the excitation source power. Such an e†ect of the laser Ñuence
on gold nanorods has been emphasized by El-Sayed and
coworkers.12 The maximum values of the induced absorbance
at the same analyzing wavelength (580 nm) are extracted for
the di†erent sizes, 2.5, 5 and 15 nm, from Fig. 3, 4, 6 and 7 and
from complementary results and are summarized in Fig. 10.
As di†erent types of dynamics are observed, the time at which
the maximum occurs depends on the samples and on the laser
Ñuence (Table 2). As a general remark, we observe Ðrst that

Fig. 10 Comparison between the nonlinear e†ects for samples of
radii 2.5, 5 and 15 nm, with di†erent laser pulse durations, optical
path \ 1 mm.

the induced absorbance is higher for a given size after excita-
tion with 30 ps pulse than with 10 ns pulse experiments at
equivalent Ñuence (this absorbance is not seen for the 2.5 nm
clusters) (Fig. 10).

The shape of the spectrum obtained 0.45 and 2 ns after the
30 ps laser pulse11 demonstrated that scattering centers
caused the optical limiting e†ect. Likewise, the nonlinear
optical properties induced for 15 nm clusters by a 10 ns pulse
at nm are roughly constant from 700 to 400 nmjexc \ 532
and then rise appreciably in the UV (Fig. 6). In addition, the
threshold Ñuence increases in the red where the limitation effi-
ciency decreases (Fig. 2). Thus the experiments on the 10È80
ns timescale conÐrm that the main mechanism of limitation
initiated by gold cluster suspensions is based on light scat-
tering by centers of about a few hundred nm, as estimated
from the Rayleigh law.11

The nonlinear phenomena are clearly dependent on the
energy conÐnement in the particles. Note that at a given linear
absorbance of the samples, the total concentration of gold
atoms is the same, but the concentration of the absorbing par-
ticles decreases as r~3. The total energy absorbed per particle
increases as the number of atoms in the particle, i.e. as r3 (for
example, the total energy absorbed per 2.5 nm particle is

Table 2 Main features of the nonlinear optical dynamics with nanosecond and picosecond pulses

Cluster radius/nm 2.5 5 15

Threshold of the slow process È 0.4 O0.24
(J cm~2 with 10 ns pulse)

Delay/ns at 1.1 J cm~2 per 10 ns È 5 3
tmax/ns È 20 12
*Amax at 1.1 J cm~2 per 10 ns È 0.04 0.3

Threshold of the slow process 0.4 O0.14 O0.14
(J cm~2 with 30 ps pulse)

Delay/ns at 0.3 J cm~2/30 ps È 0.3 0.7
tmax/ns O5 3 3
*Amax at 0.3 J cm~2 per 30 ps 0.01 0.18 0.5

Threshold of the fast process 1.1 1.1 0.9
(J cm~2 with 30 ps pulse)

Delay/ns at 1È2 J cm~2 per 30 ps O0.01 O0.01 O0.01
tmax/ns 0.50 1.3 1.5
*Amax at 2.1 J cm~2 per 30 ps 0.22 1.2 1.8
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Fig. 11 Scheme for the formation of two types of scattering centers
at increasing Ñuences. Low Ñuence : the nonlinear e†ect is not
observed. Medium Ñuence : the energy absorbed by the clusters is
transferred to the surrounding solvent and generates solvent bubbles
which scatter light. High Ñuence : the energy conÐned within the metal
clusters creates a fast step expansionÈvaporization of the particles
which thus act as scattering centers. Then, due to the energy transfer
to the solvent, the metal particles cool down while solvent bubbles
also become secondary scattering centers. Eventually, the bubbles
cool down by energy dissipation in the bulk.

about 220 times lower than per 15 nm cluster), but the heat
capacity of each particle also increases linearly as r3. So the
increase in temperature should be the same regardless of the
particle size.10,12 Simultaneously, at a given metal atom con-
centration, the total particle/solvent interface decreases at
increasing size and the cooling rate decreases. At a given
Ñuence and pulse duration, the nonlinear e†ect is in fact much
more intense when the gold cluster size increases (Fig. 9 and
10). For a given size, the nonlinear e†ect naturally depends on
the input Ñuence and on the pulse length, i.e. on the power of
the laser source. For example, the nonlinear e†ect was not
observed for samples I with 8 ns pulses less than 5 J cm~2 or
with 30 ps pulses at 0.6 J cm~2.11 A noticeable limiting e†ect
is now observed for the same samples with 8 ns at 30 J cm~2
and with 30 ps above 0.85 J cm~2 (Fig. 1 top and 2).

The analysis of the time-resolved signals obtained at
increasing Ñuence or at decreasing pulse length (at increasing
laser power) demonstrates the presence of two types of pro-
cesses. The Ñuence threshold, the delay of appearance, the
time and the intensity of the maximum of these two types of
processes are summarized in the Table 2.

The slow process is observed for nano- and picosecond
experiments at Ñuences lower than 0.9 J cm~2. With a lower
power source at 10 ns, where the energy is conÐned in the
particle for a longer time, the Ñuence threshold decreases for
larger particles. The attenuation begins after a delay of a few
ns, and lasts for 20 and 12 ns for 5 and 15 nm particles,
respectively (Fig. 4 and 5). Only the slow mechanism is seen
with 30 ps pulse excitation of the 2.5 nm particles at Ñuences
up to about FO 0.4 J cm~2. The Ñuence threshold is lower
than with nanosecond pulses (0.4 J cm~2 for 2.5 nm clusters)
(Table 2). The signal starts also after a delay (300È700 ps)
clearly much longer than the pulse duration and the
maximum is reached within 3È5 ns (Fig. 7È9).

The other process, very fast, requires a high Ñuence thresh-
old (FP 0.9 J cm~2) and starts immediately after the 30 ps
pulse. The attenuation reaches a maximum within 1.5 ns. The
maximum attenuation is size-dependent and much stronger at
high Ñuences than at low Ñuence (Fig. 7È9 and Table 2).

The dependence of the di†erent kinetics on energy conÐne-
ment (Ñuence, pulse duration and cluster size) strongly sug-
gests the formation of two di†erent types of light scattering
centers, which are formed from the initial energy absorption
by the clusters. We assign the slow mechanism (with a lower
Ñuence threshold) to the secondary formation of bubbles in
the solvent. The maximum is reached in 12È20 ns with the ns
pulse or 3È5 ns with the ps pulse. The induction time observed
at low Ñuence is due to the time necessary to transfer the
energy from the metal particles to the solvent and for the
solvent bubble to expand. The clusters are heated but, due to
the cooling by the solvent, their size does not increase enough
to scatter light. We suggest that the 2.5 nm clusters begin to
transfer energy to the solvent immediately after starting irra-
diation, leading to fast bubble formation (Fig. 7, FO 0.5 J
cm~2). This occurs because of the efficient energy transfer that
arises because of the high relative contact with the solvent.
This does not occur for the larger clusters, where a delay is
clearly observed (See Fig. 8 and 9 for 5 and 15 nm clusters,
respectively).

PVA concentration has no inÑuence on the rate of forma-
tion of the absorbance induced by a nanosecond pulse (Fig. 3).
This is understandable if the increase is assigned as above to
solvent vaporization after heat transfer from excited metal
clusters. In contrast, PVA is involved in the following relax-
ation mechanism: the higher the PVA concentration, the
slower is the relaxation. It is known that the PVA concentra-
tion has an important impact on the thermal di†usivity value
of aqueous solutions.16 It behaves as a partially insulating
barrier (thickness of several nm) and slows down the solvent
relaxation by energy dissipation to the bulk. This leads to an
increase in the amplitude of the slow nonlinear e†ect due to
solvent bubbles (Fig. 3).

The fast mechanism (Table 2), which appears for high
energy conÐnement is assigned to light scattering by gold clus-
ters that have expanded and vaporized after having absorbed
an important amount of light energy. Obviously, the absorbed
energies and the Ñuence thresholds required to vaporize a
gold metal cluster, (assuming physical properties similar to the
bulk : boiling point should be much higher thanTb \ 2857 ¡C)
those necessary to heat the solvent to form bubbles (between

and depending on the presence andTb \ 100 ¡C Tcrit\ 374 ¡C,
size of nuclei). Using the heat capacity and the vaporization
enthalpy of gold and assuming a linear optical absorption,
one can roughly estimate that the vaporization of a 15 nm
particle requires a Ñuence of at least 3] 10~2 J cm~2 per
pulse if no energy is transferred to the solvent. When energy is
transferred to the solvent, the Ñuence threshold is higher, as
we observe in the experiments with the smallest particles.
Thus, this estimate also supports the assignment of the fast
component of the optical limitation at high Ñuence to scat-
tering by metal vapor centers. However, energy is still trans-
ferred in a second step to the solvent and a slow limitation
process due to scattering by solvent bubbles also occurs sub-
sequently in continuity.

The tests for limitation efficiency as a function of the
number of pulses (8 ns, 5 J cm~2) have shown11 that the 5 nm
clusters are irreversibly modiÐed and lose their activity after
20 pulses. Note that the linear absorbance per atom depends
weakly on the cluster size in the range considered. According
to previous studies, which demonstrated the fragmentation of
clusters after high Ñuence laser excitation,12 and to our own
study on the size-dependence of the limiting e†ect,11 we con-
clude that the limitation decrease is due to the decrease in the
mean cluster size after each pulse. For 5 nm clusters, the size
decreases rapidly below the threshold for optical limitation.
For 15 nm clusters the condensation by energy transfer to the
solvent that follows the cluster vaporization (inducing the very
fast nonlinear absorbance) also leads to smaller clusters. Thus
the vaporizationÈcondensation cycle is not strictly reversible
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and the signal decreases for the Ðrst 20 pulses. But the size
after relaxation following each pulse is still large enough to
cause optical limitation, and the cluster is able to absorb
again enough energy to vaporize. After 20 pulses, an equi-
librium size, with a two times lower efficiency, seems to be
reached.

In conclusion, as summarized in the scheme of Fig. 11, at
low Ñuences, the energy absorbed by clusters is not sufficient
to heat the solvent and to produce bubbles as scattering
centers.

At medium Ñuence (Fig. 11), within tens of nanoseconds for
10 ns excitation or a few nanoseconds for 30 ps excitation, the
energy transfer from the excited clusters to the solvent gener-
ates solvent bubbles that scatter light and then slowly disap-
pear. The heating of the metal particle and the transfer of the
energy to the solvent through the metal/solvent interface are
faster. The clusters do not expand to a sufficient size to scatter
light ; however this size is slowly reached by the solvent
bubbles during the cluster cooling, thus explaining the delay.

At high Ñuences (Fig. 11), the energy absorbed by metal
clusters is so high, even for 2.5 nm particles, that it causes a
fast expansion of the metal particle itself before the energy
transfer to the solvent is over. This expansion is probably
started by melting/vaporization of surface atoms. The expand-
ed particles act as another type of scattering center and limit
the light transmission during the laser pulse duration. The
energy is then more slowly dissipated through transfer to the
solvent, leading to cluster cooling and to the formation of
bubbles, which also scatter the light in a second slower step,
following the metal cluster scattering.
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