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Abstract. We exposed small size-controlled lead clusters with a few hundreds of atoms to laser pulses with
peak intensities up to 10'® Wem™2 and durations between 60 fs to 2.5 ps. We measured kinetic energies
and ionic charge of fragments as a function of the laser intensity and pulse duration. Highly charged
Pb™* ions up to n = 26 have been detected presenting kinetic energies up to 15 keV. For comparison
with our experimental results, we have performed simulations of the laser coupling with a cluster-sized
lead nanoplasma using a qualitative model that was initially proposed by Ditmire and co-workers at
LLNL for the case of rare gas clusters. From these simulations we conclude that two mechanisms are
responsible for the explosion dynamics of small lead clusters. As already observed for large rare gas clusters
(n = 10°), fragments with charge states below 410 are driven by Coulomb forces, whereas the higher
charged fragments are accelerated by hydrodynamic forces. The latter mechanism is a direct consequence
of the strong laser heating of the electron cloud in the nanoplasma arising from a plasmon-like resonance
occurring at ne = 3nc. In order to obtain an optimized laser—nanoplasma coupling, our results suggest that
the plasma resonance should occur at the peak intensity of the laser pulse. Due to inertial effects, even
for such small-sized clusters, the observed optimum pulse duration is in the order of 1 ps which is in good

agreement with our theoretical results.

PACS. 36.40.Gk Plasma and collective effects in clusters — 52.50.Jm Plasma production and heating

by laser beams (laser-foil, laser-cluster, etc.)

1 Introduction

During the last decade, the study of rare gas clusters in
strong and ultra-short laser fields has become a domain of
active research. Since the pioneering work of the Rhodes
group on hard X-ray generation using xenon and krypton
clusters [1], many groups have contributed important work
to progress the understanding of the cluster response in
particular on cluster heating mechanisms and the explo-
sion dynamics of nanometer-scaled clusters [2-4]. These
preliminary studies have evidenced an explosion process
leading to atoms brought to very high charge states as
compared to similar experiments on isolated atoms or
molecules. However most of the studies have been realized
with large rare gas clusters (10°—10° atoms per cluster)
[4,5]. The interaction between the strong laser intensity
and such clusters is revealed by an important production
of electrons, mono atomic ions and X-ray emission. In par-
ticular Ditmire has detected Xe?®T ions with a kinetic en-
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ergy up to 1 MeV [6]. The electron emission has been mea-
sured in a keV magnitude by Shao et al. [7] in the explo-
sion of xenon clusters. Finally the X-ray emission reached
5 keV in the Thompson et al. [7] experiment where rare gas
clusters were irradiated by a 10! Wem™2 field intensity.
This last phenomenon signs the presence of an internal re-
combination in atomic internal shells which involves very
high ionization energy. In all the beyond experiments on
clusters, the very high energy detected demonstrates that
the energy absorption process is quite different from pro-
cesses involved in molecules or atoms submitted to similar
irradiation [8,9].

In parallel several theoretical approaches have been
introduced to explain these observations on clusters.
Rhodes and co-workers [2] used a model based on col-
lective electron motion. Indeed the electrons oscillations
driven by the laser field induce electrons ions collisions
which enhance the ionization inside the cluster. Rose-
Petruck et al. [10] introduced an “ionization ignition
model” where, for a given atom, ionization is driven by the
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combined fields of the laser, the other ions and the elec-
trons. On the other hand, to explain the high ionic charge
states [11], their high kinetic energy [6], the high electronic
temperature [7] and the X-ray emission in the keV range
Ditmire et al. [12] proposed an hydrodynamic model in
which ions are ionized through impact of hot electrons.
Indeed, they showed that, after the departure of the first
electrons extracted by field ionization, an important rate
of electrons is trapped in the coulomb potential of the
highly charged ions. They formed a nearly free electron
gas whose density, due to the cluster expansion, evolves
and reaches such a value that its plasmon frequency comes
into resonance with the laser frequency. Then clusters ab-
sorb a huge amount of energy from the laser which leads
to their explosion in highly charged mono atomic frag-
ments. The important role of the electrons cloud under-
lined by Ditmire raises the issue of the influence of an
already existing free electron gas, as it occurs in metallic
clusters. Indeed, such clusters represent the best target to
investigate collective response of an electronic cloud irradi-
ated by a laser field. Many experiments have been carried
out with lower laser intensity. In particular Bréchignac
et al. [13,14] have demonstrated that the valence electrons
participate in the giant dipole resonance with a laser field
intensity below 10° W cm™2. The Haberland group using
a 10> Wem™2 field has shown some photo fragmenta-
tion in sodium cluster Nag; [15]. Compared to nanosecond
experiment with the same energy deposited the ioniza-
tion leads to ionic fragments Na;| instead of a Nalt with
1 < g < 3 observed in femtosecond experiments. They
interpreted this result using a multiple excitation process
of the plasmon resonance followed by an auto ionization.
The first observation of a Coulomb explosion of metal clus-
ters in intense laser fields concerned mercury clusters in
Lang et al. [16] experiments. Increasing progressively the
laser intensity from 10" Wem™2 to 10 Wem™2 they
observed ionic fragments produced in the charge range:
g=1,2for 10 Wem™2 up to ¢ = 5 using 10" Wem™2.
Moreover the recent experiments realized in the Meiwes-
Broer group [17-19] on platinum clusters irradiated by a
10'6 W cm ™2 field intensity have revealed a pulse duration
influence on the maximum charge value (+20) observed
on the mono atomic ionic fragments Pt*T detected. To
interpret such results they proposed to take into account
the plasmon frequency evolution of a charged cluster in
expansion during the laser absorption. For metal clus-
ters some time dependent density functional calculation
(TDFT) on sodium clusters Nag; at medium laser inten-
sities of 101 Wem ™2 by Calvayrac [20] have shown that
with pulses in the vicinity of the plasmon resonance enor-
mous field amplification could be achieved. It results in a
charged cluster Naég"’ which is then submitted to coulomb
repulsion. More recently Doppner et al. [21] have proposed
some experimental investigations on Pb and Pt clusters
with variable pulse widths and, with the pump&probe
technique. They conclude that both approaches support
the picture according to which, after an initial charging,
the clusters expand due to Coulomb forces. Indeed this
expansion is accompanied by a reduction of the electron
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density and at the same time by an increase of the optical
sensitivity.

In this work we used ionic spectrometry to analyze
the response of lead clusters exposed to an intense laser
field of 10" Wcem™2. The knowledge of the kinetic en-
ergy of the ionic fragments leads to information on the
explosion mechanism. These results are interpreted using
the qualitative “nanoplasma” model developed by Ditmire
et al. [12]. Furthermore, an experimental study of the in-
fluence of the irradiation conditions (pulse duration and
laser intensity) on the ionic signal is compared to simula-
tions on lead clusters under the same conditions.

2 Experimental details
2.1 Set up description

The experimental setup schematically drawn in Figure 1a
consists on a cluster source, a femtosecond laser for
the cluster excitation, and a mass spectrometry system.
To produce lead clusters we used a laser vaporization
source [22] using a 532 nm Nd:YAG focused on a 6 mm
rotary lead rod. A pulsed solenoid valve is used to de-
liver a 300 us pulse of argon carrier gas which cools down
the laser induced plasma. The nucleation is achieved by
expansion of the mixed gas through a 1 mm diameter con-
ical nozzle. The backing pressure for the carrier gas was
kept between 7 to 9 bars. We have chosen argon as carrier
gas to obtain a mean cluster size of 250 atoms as shown
in Figure 1b. The pulsed cluster beam is then skimmed
before entering the analysis chamber where the operating
pressure is maintained below 10~7 torr. To ensure that
only neutral clusters enter the interaction zone, ions pro-
duced directly by the source are deflected by an electro-
static field placed after the skimmer. Remaining neutral
species enter the extraction region of the Wiley-McLaren
type time-of-flight mass spectrometer (TOF-MS) where
they interact with the terawatt femtosecond laser beam
of the LUCA facility at CEA-Saclay operating at 20 Hz.
The nominal pulse duration is 70 fs but by varying the
compressor position, we could increase continuously the
pulse duration up to 2.5 ps. The pulses are focused with
a f = 50 cm lens into the cluster beam at about 50 cm
downstream from the nozzle. The lens is chosen to avoid
lengthening of the ultra-short pulses. The resulting spot is
in the order of 30 pm which gives maximum possible peak
intensity of 3 x 10'® W cm~2 with pulse energies of 35 mJ,
70 fs pulse duration and 790 nm wavelength. The laser-jet
interaction zone is located in the center of a 6 cm long ex-
traction zone of the linear two stages TOFMS (Fig. 1a).
The ions were extracted by an electric field of 360 Vem ™!,
and are post accelerated in a second region of 1 cm length
by a 2 kV voltage towards a 60 cm long field free drift
region and then detected by a Philips XP1600 secondary
electron multiplier.

As shown in Figure 1, another 9 cm long drift tube
has been placed on the opposite side of the TOF-MS to
realize a potential barrier spectrometer (PBS) Both spec-
trometers share the same entering zone that are labeled
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Fig. 1. (a) Experimental setup: composed with a clusters
sources, the Luca Laser beam, the PB spectrometer and the
time of flight mass spectrometer. Vp, and Vp, potentials are set
to zero when PBS is operating and set respectively to positive
values V1 and Vo (with Vi > V) when TOFMS is operating.
(b) We show a mass spectrum of the cluster size distribution
reached with our cluster vaporization source.

extraction zone of the TOF-MS. The charge state distri-
bution and kinetic energies of ions produced by the inter-
action of the laser pulse with the clusters are determined
by measuring the TOF of those emitted in direction of
the PBS. Our PBS device consists of three closely spaced
grids placed in parallel along the drift tube (see Fig. 1a).
Whereas the front and the back grid were grounded, the
middle grid is set to positive potential Vg which intro-
duces a potential barrier for the Pb?t ions with energy
below ¢V without significantly altering the overall TOF
of more energetic ions.
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Fig. 2. Typical TOF mass spectrum: spectrum of Pb?" ions
obtained by irradiation of lead clusters for an average of
1000 efficient shots under the laser conditions followed; 760 fs
laser pulse duration at 3 x 10'® Wem™2 for A = 790 nm.

2.2 Experimental methods : mass assignment
and determination of the kinetic energy

Using the TOF-MS, we were able to discriminate ions
both according to their charge-to-mass ratio (¢/m) and
their kinetic energy. A typical spectrum is shown in Fig-
ure 2. For a given (q/m) we observe a broad peak that
can be splitted into two separate peaks for larger charge.
The interpretation of this feature is straightforward since
it indicates an initial kinetic energy of the corresponding
fragments. Indeed during the explosion resulting from the
laser cluster interaction, high energetic mono atomic ions
are isotropically emitted. Due to the restricted detection
angle of the TOF-MS, two classes of ions are detected, i.e.
the so-called forward ions flying directly to the detector
and the backward ions that are emitted in the opposite
direction and then reflected by the repeller grid. A char-
acteristic difference of the TOF, At, is measured between
forward and backward ions. Using the geometrical and
electrostatic parameters of our TOF-MS it comes the ini-
tial kinetic energy Ei of a fragment ion with charge ¢ and
mass m from the following expression [23]:

[At(ns) x gE1(V cm_l] ?

m(u.a.)

BEi(eV)=12x10"" (1)

where E; is the extraction field. As an example, Figure 2
shows an experimental TOF spectrum obtained after in-
teraction of Pb,, cluster with 760 fs pulse duration and a
peak intensity of 9 x 10 Wem™2. We observe that for-
ward and backward ions with ¢ = 1 to 5 are fully resolved
and can be analyzed with equation (1).

We want to stress that using the classic TOF-MS tech-
nique is however not possible to discriminate different ion
species with identical or at least similar ¢/m ratios. This
may arise in our spectra since two different species are
present in our jet namely argon and lead. In order to
overcome this difficulty we have applied the PBS tech-
nique which allows to discriminate the low kinetic energy
argon ions from the Pb?™ fragment ions since these ions
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present much higher kinetic energies. Indeed by a apply-
ing a positive potential 0 < Vg < 3 kV ArY" ions are
systematically blocked, since the kinetic energy of fastest
one Ar®t never exceeded several tens eV and allows to
detect Pb9T fragments with kinetic energy beyond ¢Vg.
Their kinetic energy, depending on their arrival time on
the detector, is established to be:

1 (d\’

5™ ( ; ) (2)
where d = 89.5 mm is the total free flight distance. Thus,
for a given kinetic energy Ej two consecutive experimental
values of potential barrier Vg, and Vg, define ion signals
with a kinetic energy beyond ¢Vp, but below ¢Vg,. For
each curve at a given Fy it becomes easy to construct the
response signal intensities as a function of Vp. As Vg is
related to the ionic charge according to:

By =

— <g< — (3)

where the intensity Iy, is a function of qunm = Ex/Vs,
and @i, is the limit charge state value. In a final step, by
derivation of this last curve, we are able to obtain the ions
charge distribution for different kinetic energies.

3 Results and discussion

The goal of the present study is to analyze the explo-
sion dynamics of metallic cluster into fast mono atomic
ionic fragments. We have chosen a systematic approach in
which we have varied either the laser pulse energy or the
laser pulse duration. Before describing the results of our
systematic study, we show in Figure 2 a typical TOF-MS
Pb?t spectrum obtained after interaction of Pb,, clusters
(n = 250) with 760 fs laser pulses at 3 x 10® Wem™2.
The spectrum is the result of an average over 1000 effi-
cient laser-cluster interactions. Indeed, during our experi-
ments we have observed that only a fraction of laser shots
yield energetic cluster explosion characterized by fast and
highly ionized fragments. This important instability in the
recorded ions signal cannot be attributed to the femtosec-
ond laser pulse whom energetic stability is in the order of
2%. We must consider the number of clusters irradiated by
the LUCA laser pulse as responsible for this large insta-
bility. While the cluster size distribution is stable over the
global volume of the cluster burst, it can vary considerably
in the very small volume irradiated in the waist (30 pm di-
ameter) of the LUCA laser spot. Internal shell excitation
and ionization lead simultaneously to both highly charged
ions and soft and hard X-ray photons. Thus, only those
spectra presenting such a photon signal are called efficient
spectra. For this reason, we have triggered the ion detec-
tion device on this signal using the smart trigger option of
our digital oscilloscope (Tektronix TDS 520C). All TOF
spectra in this paper have been recorded as an average
over 1000 efficient shots.
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In the spectrum presented in Figure 2 we can as-
sign several features namely two groups of ionic Pb frag-
ments labeled feature A and feature B, a photon signal at
TOF = 0 us, as well as a proton signal at TOF = 1 us;
and the Pb-dimer signal at TOF = 18.2 us. First of all, it
must be noticed that, except the very weak signal recorded
on Pby, no other cluster signal is detected. Let us first
discuss the major feature (i.e. feature A) which is located
between 2.2 and 14 us. The highest resolved charge state
in feature A that can be identified is Pb?6*. Neverthe-
less, in its unresolved left wing, forward ionic fragments
with charge states higher than 30+ are probably present.
For more clarity we indicate the TOF positions for zero
kinetic energy Pb?" ions with ¢ = 1, ..., 30 in Figure 2.
Under some comparable experimental conditions, we have
also applied the PBS technique in order to confirm the
energy values deduced from the TOF spectrum in Fig-
ure 2. The analysed PBS spectra are plotted in Figure 4,
where we have determined for several kinetic energy value
the lead ion charge state distribution. As for the TOF-
MS results, Pb?" ions with charge states up to 30+ and
kinetic energies up to 15 keV are detected. Interestingly,
feature B, located at TOF around 1.6 us, appears solely
under conditions where the highest charge states in fea-
ture A are observed. We have carefully checked that the
only origin of feature B is the presence of very fast Pb4™
fragment ions. Assuming the presence of Pb®’* ions, we
can deduce a kinetic energy of 200 keV. This observation is
quite analog to that described in earlier studies on xenon
clusters [5] and agree with the conclusion of this work that
feature B can be attributed to the fastest ions with the
highest charge states Xe?™. Finally, using our PBS device
we have observed no change of this features even with the
highest potential barrier (Ug = 3 kV). The above consid-
erations strongly suggest that quite different acceleration
mechanisms must be involved to explain the presence of
features A and B.

To interpret the above results, we have plotted in Fig-
ure 3 the fragment initial kinetic energies wersus their
charge obtained for the optimum laser conditions. Those
conditions are defined by the observation of the highest
charge state (26+) on feature A ions. Two regimes of ¢
dependence versus the kinetic energy appear. The initial
kinetic energies behavior of ions with ¢ = 1 to 10 can be
described with:

Ey(q)eV] = acg®  assuming  ae = 35 eV/qQ, (4)

whereas for highest charge states a linear dependence is
found:

Ex(q)[eV] = ang assuming ay = 725 eV/q. (5)

Similarly to the approach of Lezius et al. [23], we attribute
these observations to two distinct explosion mechanisms.
Tons with small charge states are ejected from the cluster
by Coulomb repulsion. Indeed, a charged sphere model
where a Pb?7 ion is surrounded by ions with same charge
states leads to an energy pattern Fy(q) x ¢?. Concern-
ing ions with higher charge states (>10), the linear de-
pendence of the kinetic energies on their charge states
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is attributed to a hydrodynamic expansion of the clus-
ter. This expansion leads to a linear kinetic energy de-
pendence on ¢ for the Pb ions Ex(¢)[eV] = ang. The
expression ay, = vkT,/2 is evaluated by fitting the en-
ergy FEy which allows to deduce the electronic tempera-
ture T, at the instant when explosion starts [23]. In or-
der to qualitatively interpret such kinetic energy behavior
we adapted the nanoplasma model, initially developed by
Ditmire [12], to metallic clusters. This model supports the
assumption that a cluster irradiated with an ultra short
high intensity laser pulse is considered as a small spher-
ical plasma formed by ions within a hot electron cloud,
the whole behaves in a constant expansion. Indeed, this
model evaluates the intra-cluster electric field by assum-
ing an interaction between a metallic sphere and a plan
wave. In brief, this model uses hydrodynamics to describe
the nanoplasma as a fluid in expansion including tunnel-
ing ionization, plasma collision mechanisms to deposit en-
ergy by inverse bremsstrahlung heating, as well as electron
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Fig. 5. Nanoplasma parameters calculated with the Ditmire
model for Pbaso with the laser conditions; 760 fs laser pulse
duration at 10®> Wem™2 for A = 790 nm. Time origin cor-
responds to the maximum intensity of the femtosecond laser
pulse, the long vertical dash line indicates the major resonance.

ion collisional ionization. Despite its relative simplicity,
the nanoplasma model allows us to calculate the perti-
nent cluster parameters such as electronic temperature
and density, and cluster radius as a function of time. A
simulation performed on a Pbosg cluster irradiated by a
760 fs laser pulse with a peak intensity of 10® Wem™2 is
shown in Figure 5. In particular, the figure shows the time
evolution of the intra-cluster electric field (Fig. ba), the
electronic density (Fig. 5b), the cluster radius (Fig. 5c¢),
and the nanoplasma pressure (Fig. 5d). For all these fig-
ures (Figs. 5a—5d), the crucial instant is defined as a strong
resonance effect at around —680 fs indicated by a verti-
cal dotted line. This resonance induces a sudden increase
of the intra-cluster electric field that is at least two or-
ders of magnitudes higher than the external laser field.
The beginning of cluster explosion, when the cluster ra-
dius dramatically enhances, is strongly linked to this res-
onance which is due to the massive loss of the hottest
electrons thereby creating an important positive excess
charge. At the resonance, the nanoplasma pressure is very
important but vanishes rapidly on a short time scale. From
a more formal point of view, using the Drude model [24]
to modelize the response of neutral nanoplasma irradiated
with the laser pulse allows the use of the dipole approx-
imation since applied wavelength A = 790 nm is larger
than the 1.22 nm Pbssg cluster radius. The intra-cluster
electric field due to applied electric field Ey and the free
electron gas oscillations is evaluated by Bertier [25] as fol-
lows Einy = (3/]e +2|)Ep, where € is the Drude model
plasma dielectric function. It comes that the intra-cluster
electric field depends on the ratio (n./n.) and reaches
its maximum at the resonance condition (ne/n.) = 3. In
this expression n, represents the electronic density of the
nanoplasma and n. the critical density defined as the elec-
tronic density for which the free electron gas oscillations is
equal to the frequency of the applied wave. This situation
is reached twice during the pulse duration. Whereas the
first resonance is quite inefficient in terms of laser energy
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Fig. 6. Time of flight mass spectra: signal curves obtained for
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absorption since the electron cloud is still too small, the
main energy absorption occurs at the second resonance.
The nanoplasma model includes both the description of
the hydrodynamic and electrostatic pressures. Figure 5d
indicates that the respective contributions of these mech-
anisms are slightly different which might explain the two
classes of cluster fragments (see above).

In order to understand the characteristic energy evolu-
tion as a function of the fragment ion charge g, we present
in the following paragraph a systematic set of experimen-
tal results. This set of experimental results, obtained for
different laser intensities and pulse duration, is then com-
pared to our simulations using the nanoplasma model.

3.1 Energy dependence

We have performed our systematic experimental study of
the lead cluster explosion dynamics with an average clus-
ter size of 250 atoms. At a working wavelength of 790 nm
and a fixed pulse duration at 760 fs, we have varied the
laser peak intensity. Three typical TOF-MS spectra are
presented in Figure 6 obtained at 3 x 10> Wem™2 (a),
9 x 10" Wem™2 (b) and 3 x 10'* Wem™2 (c). Already
at a first glance, we can remark that strongly increasing
fragment charge states are produced with increasing inten-
sities and in parallel the abundance of the lower charge
states (¢ < 5) strongly decreases. Concerning feature B
and the photon signal a very similar behavior is observed.
Indeed, these three observables appear closely connected
with the energy absorption in lead nanoplasma.

In contrast, for fragment with ¢ < 5, we observe a
decrease of the kinetic energy when increasing the laser
intensity. This effect is underlined in Figure 7 where one
has plotted the ions kinetic energy versus the laser inten-
sity for several Pb9T. The nanoplasma model is perfectly
relevant to interpret this quite counterintuitive result. Let
us refer to Figure 8 that shows the simulated evolution of
the cluster radius for different laser intensities. After the
departure of the first electrons, the nanoplasma begins to
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expand because it is submitted to Coulomb forces lead-
ing to a Coulomb pressure. Briefly, the cluster is assimi-
lated to a conductive charged sphere, (radius r, charge Q)
the coulomb pressure defined as the ratio of the conduc-
tor energy over the sphere volume is evaluated as fol-
lows Pcoulomb = 3Q2%/(2(4m)%€or*). For increasing inten-
sities the explosion is more and more violent and occurs
at earlier stages but always starting at some characteris-
tic threshold intensity for a given fragment charge state.
We can reasonably assume that the smallest charge states
(e.g. ¢ = 2 in Fig. 6) originates from the cluster periph-
ery and are ejected wvia Coulomb repulsion early in the
pulse. Therefore, the fragment kinetic energy results in a
1/r* dependence [12] whereas the characteristic intensity
threshold is reached earlier in more intense pulses. This
implies that fragments ¢ < 5 present decreasing energies
for increasing laser intensities since they are emitted from
increasing cluster radii.
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Fig. 9. Experimental kinetic energy versus charge state; each
graph correspond to Figure 6 spectra obtained at different laser
fluence and a constant laser pulse duration 760 fs.

On the other hand the opposite behavior of the higher
charge states ¢ > 6 can be explained in the same way when
assuming that these ions are created in the nanoplasma
core at a later stage of the laser pulse. However, these ions
are driven by the hydrodynamic pressure of electron cloud
which reaches the highest temperatures at the nanoplasma
resonance (ne/ne = 3).

Moreover we have plotted in Figure 9 the kinetic en-
ergy versus charge state of all the feature A ions from
Figure 6. Examination of Figure 9 demonstrates that al-
ways two acceleration regimes exist namely a linear and
quadratic energy dependence on charge state Q whatever
the intensity is deposited we always observed two classes
of @ range. One class concerns the [2-9] @ range and re-
flects a coulomb repulsion behavior, the other ) range
[10-20] reveals an hydrodynamic expansion of Pb?* frag-
ments. The analysis of the linear behavior allows us to con-
nect the laser intensity, with the energy absorbed by the
cluster via the electronic temperature T, reach at the ex-
plosion time. The electronic temperature values are listed
in Table 1, and vary with respect to the laser fluence.

3.2 Pulse duration dependence

For this experiment we have submitted lead clusters of
an average size of 250 atoms per cluster into the LUCA
laser beam characterized by a 790 nm wavelength, a 9 x
10'* W em ™2 constant intensity and a pulse duration value
which has been varied from 208 fs to 2490 fs.

Mass spectra analysis of these ionic fragments are
shown in Figure 10, we have also plotted in Figure 11 dif-
ferent Pb?T kinetic energy curves to underlined the evolu-
tion of the fragment depending on the laser pulse duration.
The investigation of these spectra, where the laser pulse
duration increases and the intensity is constant, points out
the giant resonance role regarding the clusters energy ab-
sorbed. This effect is illustrated in Figure 12, where the
maximum ions charge state observed in Figure 10 spectra
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Fig. 10. Time of flight mass spectra obtained at different pulse
durations under a constant laser fluence of 9 x 10** Wcm™2.
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Fig. 11. Kinetic energy of several ionic fragment Pb?t
obtained at different pulse durations under a constant laser
fluence of 9 x 10** Wem™2.

is plotted versus the laser pulse duration. Let us note that
for those spectra, we can consider the total number of ions
per spectrum constant and determined by the mean num-
ber of atoms in clusters irradiated along the 1000 laser
shots average. As a consequence, the highest charge state
distribution is closely related to the absorbed energy. Fig-
ure 12 shows that absorbed energy increases rapidly up
to 1000 fs laser pulse duration, and then reaches a quasi-
constant value. This behavior is in close connection with
the synchronism between the laser pulse and the giant
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Table 1. Fitted parameters obtained with two kinds of kinetic energy versus g behavior. The number in parenthesis represents

the error.
Intensity At Quadratic function Linear function Temp.
W/em?  fs AQ* + B (Qe 2-9) a@ + b (Qe 10—20) eV
A B x> a b X2
3 x 10" 760 36.4 + (2.6) 369 + (62) 1.2/4 464 + (48) —1359 + (635) 2.6/8 560 + (60)
9x 10" 208 184+ (10) —69 £(290)  2/5
9 x 10" 310 16 £ (15) 187 + (150) 2/5 287 + (69) —1338 + (806) 1.5/4 344 + (83)
9 x 10" 440 36.3 +£(10.8) 4834+ (290) 0.25/5 588+ (152) —23924+(2171) 0.35/8 705+ (182)
9 x 10" 760 32.8+(9.3) 150 4+ (228) 0.13/6 522 £(126) —22164(1850) 0.29/9 626 + (151)
9x 10" 1024 47.14(11.1) 194+ (270) 0.16/7 715 £(22) —2917 4+ (2055) 0.33/11 857 4 (163)
9x 10 1380 428+ (10.2) 48 + (235) 0.09/5 706 +(122) —3151+(1874) 0.37/11 847 4 (146)
9x 10" 2185 41.24(9.8) —54(222) 0.03/7 7734+(132) —40504 (1980) 0.26/11 927 + (160)
9 x 10" 2490 40+ (9) 8+ (222) 0.05/7 744+ (143) —3802+(2087) 0.19/10 893 £ (172)
3x 10 760 344 (2) 45 + (44) 0.2/5 605+ (42) —2802 + (565) 0.2/7 726 4 (50)
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Fig. 12. Experimental maximum charge state versus the
laser pulse duration obtained from the feature A analysis
for experiments realized under a constant laser fluence of
9 x 10" Wem ™.

resonance occurring between the electron cloud and the
laser field. As long as the cluster is irradiated with a very
short pulse duration, the resonance condition ne/n. = 3
is reached after the maximum of the pulse, so the intra-
cluster field increase is not sufficient to reach some high
ionization degrees. It does exist an optimal pulse dura-
tion which provides an efficient overlap to reach charge
state close to Pb3%* and obtained in Figure 2 spectrum
with I =3 x 10" Wem™2 790 nm wavelength and 760 fs
pulse duration. This kind of resonance has already been
observed and this optimal pulse duration value is evalu-
ated on xenon cluster at 1000 fs by Zweiback et al. [26]
and on Pt,, clusters by Koller et al. at 800 fs [18]. The oc-
currence of this resonance gives a clear explanation of the
apparently contrary result observed via the ions kinetic en-
ergy versus their charge state behavior. Indeed Figure 10
spectra obtained under laser pulse duration below 440 fs
show a lack of high charge state ions which means that

Fig. 13. Simulations obtained for different pulse duration. Per-
formed on Pbaso under a constant intensity 10*® Wem™2.

only few energy is absorbed by the cluster. Beyond 760 fs
pulse duration, the presence of high charge state ions re-
veals a sudden increase of cluster energy absorbed. In this
case, the kinetic energy of low charge state ions, shown in
Figure 11, evolves in an opposite way: it decreases when
laser intensity increases. According to the nano-plasma
results, shown in Figure 13c, the cluster size increases of
two orders of magnitude. As the pulse duration increases
one verifies that the kinetic energy low charge states de-
creases. This behavior modification of low charge states
ejected ions (¢ < 8) is connected to the fast increase of
cluster size. Indeed ions with low charge state close to the
cluster periphery are ejected by coulomb repulsion follow-
ing a (1/r*) law. For those long pulse durations the main
effect is fundamentally connected to the energy absorp-
tion when the resonance condition is reached. In fact in
this pulse duration range, a pulse duration increase does
not lead to an increase of the absorbed energy. Indeed
from the linear behavior observed for ions with ¢ rang-
ing from 10 to 20 in all Figures 10 spectra and illustrated
in Figure 14 we can deduce the electronic temperature at
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Fig. 14. Experimental kinetic energy versus charge state;
each graph correspond to Figure 10 spectra obtained at dif-
ferent laser pulse duration and a constant laser fluence 9 x
10" Wem™2.

the explosion time. These temperatures are listed in Ta-
ble 1 and confirm this resonance dependence effect since
we observe a T, increase from 600 eV to 950 eV around
the 1000 fs laser pulse duration. With regard to the clus-
ter size distribution produced with the laser vaporization
source and because spectra have been recorded for an av-
erage of 1000 LUCA laser shots, ions detected come from
the explosion of several size clusters. As a consequence we
have shown that this sudden increase around [760-1000] fs
occurred depending on the absorbed energy value for all
cluster size. Indeed if that wasn’t the case this particular
effect would be smoothed in the laser pulse width range we
used, and the absorbed energy would increase regularly.

Experimental results as well as simulations demon-
strated that electron cloud is present at least during 800 fs
to enhance energy absorption. In order to qualitatively
characterize this electron cloud we have fitted experimen-
tal kinetic energy values with a quadratic function for the
smallest charge states and a linear one for the highest
charge states. In Figure 14 we have reported the kinetic
energy versus the charge state of ionic Pb?t fragments ob-
served in feature A from spectra obtained in the conditions
of varying the pulse duration. We have also listed the set
of fitted parameters obtained with the two kinds of laser
conditions in Table 1. The first observation arising from
this study concerns the stability of the parabolic behavior.
It is related to same range from ¢ = 2 to ¢ = 9 whatever
the laser condition. With regard to the error bars we ob-
tained similar fitted parameters of the kinetic energy de-
pendence on charge state. From these fitted results, due to
the laser pulse duration and energy independence on the
mechanism involved here, it comes that our assumption
concerning the ions fragment charge state below 10 is rel-
evant. Those ionic fragments are generated by coulomb
repulsion between cluster ions at the beginning of the
laser pulse, when the tunneling ionization is very efficient,
and emitted from the cluster periphery. In contrast, the
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linear behavior observed for ¢ beyond +10 monoatomic
fragments, varies under even a minor change of the laser
irradiation conditions. For this reason the mechanism in-
volves in this case seems to rise from an other expansion
process. The experiment on laser pulse duration influence
as well as the simulations results point out an electron
confinement process which leads to a free electron cloud
formation inside the cluster. This electron cloud absorbs
laser energy and participates to electrons-ions collisionnal
ionization. This electron cloud could reach the resonance
condition with the laser pulse intensity maximum which
allows electrons to absorb a huge laser energy and lead to
the greatest explosion.

4 Conclusion

We have experimentally demonstrated the presence of two
explosion regimes for irradiated lead clusters. Using a sim-
ple time of flight mass spectrometer we have performed
ionic mono atomic fragments analysis, which allows us
to determine fragments kinetic energy. This fragments ki-
netic energy varies with the fragments charge state de-
tected and also with the ultra short laser pulse parame-
ters. We have also observed a quadratic dependence on
charge state for Pb¢* with g below 9, independent on the
field intensity in the range we run experiments and also in-
dependent on the pulse duration for a constant laser field
intensity. This kinetic energy fragment behavior is inter-
preted as a signature that mono atomic ions are ejected
from the cluster periphery by Coulomb repulsion at the
beginning of the laser pulse. Indeed for ion charge state
below 5 it is closely connected to the cluster radius in ex-
pansion. The second explosion regime is characterized by
a linear dependence on fragments charge state for Pbat
with ¢ beyond +10. In this charge state region the linear
kinetic energy dependence allows us to assign the initial
kinetic energy of such ions to come from an important hy-
drodynamic pressure present inside the cluster. Indeed it
has been shown that for all cluster size ranging from Pbyg
to Pbaggo it does exist a sudden increase of the cluster
energy absorbed under laser pulse duration conditions be-
yond 400 fs. Our experiment on laser pulse duration in-
fluence reveals a free electron cloud formation inside the
cluster. When this electrons cloud reaches the resonance
with the laser it is responsible for raising the hydrody-
namic pressure in the cluster. These observations have
been fully interpreted using the nanoplasma model de-
veloped by Ditmire and adapted here to metallic clusters.
Briefly, first ionizations occur at the beginning of the laser
pulse and generate a free electron cloud maintained by
ions coulomb attraction inside the cluster. Electrons close
to cluster surface leave the cluster, as a consequence the
cluster presents a charge defect and some weakly charged
ions are ejected. Moreover the free electrons cloud is in-
volved in collisionnal ionizations and cluster heating. In-
deed when the electrons cloud oscillation frequency allows
a resonance with the laser frequency, the intra cluster elec-
tric field is increased and permits to obtain ionic fragments
with the highest charge states. The so-formed hot plasma
expands by hydrodynamic pressure effect.
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As far as the metallic character of such clusters is con-
cerned, it is revealed by a free electron cloud pre-existing
in the initial cluster. This cloud could influence the effect
of the first resonance described in the nano-plasma model.
Nevertheless as the major effect is due to the second reso-
nance when a large number of electrons are involved, the
metallic character does not influence significantly the ob-
served phenomena.

We have widely used the nano-plasma model abilities
to have access to a qualitative interpretation of our results
obtained in the feature A resolved part of our spectra.
Nevertheless some theoretical efforts are needed in order
to determine kinetic energy and charge state of fragments
produced during the irradiation of a given cluster size dis-
tribution. Such a calculation should predict the emission
of very high kinetic energy ions present in spectrum fea-
ture B and also the inner shell recombination phenomena
suggested in the spectrum photon signal.
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