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Metal clusters under strong laser field conditions
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Abstract

Neutral clusters are exposed to intense femtosecond laser pulses. Fragment distributions were measured for different la
pulse widths. In contrast to carbon, the platinum and lead clusters show an enhanced charging of the atomic fragments f
longer pulse widths, e.g. atomic charge states up+020 are detected for platinum at pulse widths of 600 fs. This behaviour
can be explained by simulating the coulomb explosion of a metal sphere under tunneling ionization conditions. The calculate
time dependent optical response of such a cluster within the framework of the random phase approximation gives evidence f
a multiplasmon excitation. (Int J Mass Spectrom 192 (1999) 387-391) © 1999 Elsevier Science B.V.
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1. Introduction as has recently been shown by the group of Hutchin-
son [7], despite the relatively low target concentration
The coupling of intense radiation into matter is an in a molecular beam. Several theoretical approaches
interesting topic in fundamental and applied sciences. have been introduced to explain these observations.
Here the excitation of low-dimensional objects possi- Rhodes and co-workers [8] used a simple model based
bly gives rise to a time-resolved observation of the on a collective electron motion. The electron oscilla-
dynamics of the charging process and the subsequenttion driven by the laser field induces electron—ion
energy flow. For rare gas clusters, different authors collisions that enhance the ionization inside the clus-
have shown that electromagnetic energy can be effi- ter. Based on a hydrodynamic approach Ditmire et al.
ciently coupled into matter when clusters are used [9] calculated the probability for the multi-ionization
instead of atoms [1-4]. lon emission with extremely of noble gas clusters. They considered highly excited
high kinetic energies reaching up to 1 MeV [5] and large clusters as being spherical microplasmas, which
electron emission with up to 3 keV [6] give an undergo enhanced light absorption whenever the elec-
impression of the violence of such processes. The tron density approaches a critical value where the
interaction of light pulses with clusters can be so photon energy matches the plasmon energy of a
intense that the light absorption reaches nearly 100% classical dielectric sphere.
Also, photoexcitation of metal clusters has been
subject of a large number of investigations probing
*Corresponding  author.  E-mail:  tiggesbaeumker@uni- th€ optical and electronic responses of these small
rostock.de systems. One of the most striking results is the
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observation of plasmon excitations in alkali metal
clusters calculated by Ekardt [10] and later measured
by de Heer et al. [11]. Based on quantum-chemical

charge state
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configuration interaction (Cl) calculations Bomac Loy a) carbon
KoutecKyet al. [12] explained these measurements by 05

many-electron excitations. Later clusters of several & J\/\ M l

metals were found to show collective excitation ef- g Lok L ﬁ UU\AAM
fects [13]. Excitations in an energy range close tothe & = | platinum
dipole resonance have been found to exhibit high 5 05 x5

absorption cross sections={ A%s electron). The 2 {k | l‘ ‘ Lh
resonance energies are located in the visible to the @ Mot L L L Ll
near UV spectral region, e.g. 4 eV for silver clusters «2 Lor o lead

[14]. Only recently several attempts were made to ™ 5 |

calculate the optical response of sodium clusters to the AAJ\JM x50 \ W
irradiation by intense laser fields [15,16]. For inten- LL | WLHE L
sities of 162 W/cn? Reinhard and Suraud [15] found ! 3.3 1015

L . . cluster size
an enhanced ionization probability when the exciting

laser wavelength is in the vicinity of the dipole Fig. 1. Mass spectra of carbon, platinum, and lead clusters and
resonance of the system. Fullerenes also show collec-atomic ions after excitation of neutral clusters by femtosecond laser
. . . 5 —2

tive electron motions. However, the dipole resonance Pulses of 3x 10" Wicm * at 800 nm (note that the mass

in th ides d in the visible—UV . spectrometer also maps ionized clusters which arise from the
In these systems resides deep in the visidle— r€g10N jnteraction in the low intensity region of the laser focus); in contrast

around 20 eV [17]. to carbon where only a small fraction of the ion intensity originates
In this work we will concentrate on the coupling of fromthe higher charged ions, the metal cluster spectra show that the

. . . main intensity emerges from the abundance of atomf¢ Rind

mtens_e femtosecond laser light |r?to metal clusters .and PE, see the left-hand side of the specira.

especially onto the role of possible plasmon excita-

tions involved.

order to achieve a high mass resolution the spectra are
taken using a delayed pulse extraction scheme, where
the ionized products are accelerated several microsec-
onds after the interaction with the laser pulse. There-
fore, especially ions with high recoil energies are
discriminated and the mass spectra do not exactly
image the true ion distribution. Nevertheless, relative
abundance changes upon light pulse width variations
can easily be detected.

2. Experimental setup

A pulsed arc cluster ion source (PACIS) [18-20]
produces neutral clusters by co-expanding a vapour
plasma and helium forming a supersonic beam. The
laser pulses are generated by a Ti:sapphire chirped-
pulse amplification (CPA) system which delivers
intensities of up to 1 W/cn? at 800 nm. In order to
investigate the dependence of the multi-ionization of
the clusters on the light pulse width, the compressor 3. Results and discussion
inside the CPA system is detuned. By doing so the
duration of the pulses can be adjusted from 140 fsto  The resulting mass spectra of carbon, lead, and
several picoseconds. After interaction with the laser platinum clusters after ionization with laser pulses with
field the charged cluster fragments are accelerated bya peak intensity of approximately:8 10" W/cn? are
a Wiley-McLaren type electric field setup [21] and shown in Fig. 1. For carbon, besideg Calso atomic
detected with respect to their time of flight (TOF). In ions with up to four charges are present [see Fig. 1(a)].
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However, the remaining atomis®lectrons are too

strongly bound to be ionized by the laser field. A 075 ¢ =—apr
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reduction of the light intensity is achieved by either o—opt::
reducing the pulse energy or by taking a longer MEnA
pulse width. For carbon both possibilities lead to a 050 f

drop of the overall abundance of the cluster and the

atomic ions.

In the case of platinum, the neutral beam contains
small clusters withN < 100 where the maximum
intensity is around 50 atoms, as checked by monitor-
ing the charged clusters coming directly from the
source. As a result of the |rrqd|at|on process gmall 200 200 800 800 1000 1200
clusters are detected [see Fig. 1(b)]. In addition, pulse width [fs]
doubly charged Bf is recorded with lower abun
dance. No triply charged clusters are present. It turns Fig. 2. Ratiol(PE)/1(Pt") (z = 2,4,6,8) adunction of the laser

. - pulse width for a pulse energy of 15 mJ (note that the laser intensity
out, that this part of the spectra originates from the drops by nearly a factor of 7 when increasing the width from 140
ionization of clusters within the lower intensity region fs to 1 ps); a maximum ratio is achieved at a pulse width of about
of the laser focus. Clusters that are exposed to high 600 fs.
intensities are completely destroyed and only atomic
ions are detected. This has been tested by mapping[22]. In order to show that indeed the atomic charge
only the high intensity region of the laser focus. distribution significantly depends on the pulse width
Tuning the PACIS source to conditions where only r, Fig. 2 shows the intensity ratid¢Pt ")/l (Pt") for
monomers are generated the intensity of the highly selected charge states, ezg= 2,4,6,8, as dunction
charged ions drops dramatically. This means that the of pulse width. Note that the light intensity drops with
excitation cross section of clusters is far beyond that increasingr. Clearly the abundance of higher charged
of the corresponding atoms indicating a different ions increases with longer pulse durations in spite of
excitation mechanism. Fig. 1(c) shows a TOF spec- the drop in intensity. A maximum is reached at about
trum of ionized Pb clusters taken under similar laser 600 fs. However, even for pulse widths of 1 ps the
conditions as for carbon and platinum. Due to the multiply charged ion intensity is by far larger than that
larger differences in the binding energies compared to obtained for the shortest pulse giving the highest light
Pty, the spectrum appears more structured. Note the intensity.
nearly complete absence of b In contrast to Trying to explain the physical basis we consider
platinum also triply charged clusters are present. The the cluster as being a metal sphere where we calculate
appearance of By may be due to the presence of the optical response within the random phase approx-
larger clusters within the neutral beam in comparison imation (RPA) [23]. Assuming at first a fixed ioniza-
to Pt clusters, which favours the stability of higher tion state the electron density of the cluster will
charged cluster ions. decrease since the coulomb repulsion of the charges

Recently it has been reported [22] that the laser will lead to an expansion of the sphere. However, this
pulse width appears to be important for the charging will influence the further coupling of the radiation into
of metal clusters. No such dependence is found for the cluster. Thus, the ionization efficiency should
carbon clusters. For clusters of heavy metal atoms a depend on the width of the exciting light pulse as we
pulse width of 600 fs leads to a maximum in the have seen in the experiment. For a quantitative anal-
charging process. For this pulse width, ionizing neu- ysis the time development of the electron density has
tral Pt clusters at the highest pulse intensity yields a to be calculated first, which, in a second step, will
spectrum with atomic charge states of upzte- 20 serve as input for the computation of the response of
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6 f : ‘ resonance which consequently drops to lower ener-
—  FWHM = 150fs gies. Clearly with the short pulse there is not enough
“““ FWHM = 600fs time for a sufficient expansion which would shift the
plasmon into resonance with the photon energy of the
laser. In the 600 fs case, however, the plasmon energy
decreases from 6 to below 1.5 eV within the time
scale of the laser pulse even though the expansion is
slower. Thus the pulse has to have a sufficient width
\ . in order to bring the system into resonance with the
N exciting laser field.
| The dependence of the multi-ionization signal on
500 1000 the pulse width of the laser is also subject of the
time (fs) hydrodynamic approach by Ditmire et al. [9]. How-
Fig. 3. Time evolution of the dipole resonance off¥s a result of e\_ler’ several mec_hanisms are different in our model.
the interaction with laser intensities of fow/cn? for a 150 fs First, the expansion is not forced by collisions but
(solid line) and a 600 fs (dashed line) pulse; the corresponding instead by a pure coulomb explosion. In contrast to
B e e e e e s " fhe hycodynamic modl which explains the expar-
photon energy of 1.5 eV). sion of a large cluster with several thousands of
atoms, here only some tens of atoms are present, most
of which are on the surface. Second, the development
the jellium cluster on the radiation. Here we restrict of the plasmon energy is explicitly treated for metal
ourselves to relatively low intensities of approxi- clusters through the RPA calculations with the
mately 16° W/cn?. In the model calculation Bf is corresponding boundary conditions. For metal clus-
assumed to be ionized up o= 29 by a 150 and a  ters it is well known that mainly the charge distri-
600 fs (full width at half maximum) Gaussian laser bution at the surface induces the shift of the
pulse exclusively via tunneling ionization. The charge plasmon energy relative to that of the correspond-
state, which can be reached by this process, is pro-ing infinite surface.
portional to the peak intensity of the laser pulse. In conclusion, carbon, platinum, and lead clusters
Hence supposing a constant charge state means keephave been investigated under strong laser field condi-
ing the laser intensity constant in contrast to the tions. For G, it was found that the charging process is
experiment where the pulse energy is left unchanged only limited by the chosen pulse intensity, whereas
for different pulse widths. We also assume that the Pty and Pl show a significant dependence on the
charging is complete when the maximum of the laser width of the laser pulse. Highly ionized platinum
pulse is reached, i.e. the ionization process takes placeatoms carrying up to 20 charges have been identified.
only at the rising edge. Upon charging the cluster Modeling the situation shows that the ionization
undergoes an expansion due to the coulomb forces.process is strongly enhanced by plasmon absorption
However, in the beginning of this process the charge whenever the collective resonance frequency of the
state of the cluster dominates the resonance positionmetal cluster matches the photon energy of the laser
since the electron density stays relatively constant. beam. RPA calculations combined with a simulation
Thus the plasmon first shifts to higher energies. This of the Coulomb explosion process induced by tunnel-
result is illustrated in Fig. 3 for two different laser ing ionization show that several hundreds of femto-
pulse widths. After a certain time, depending on the seconds are necessary until a maximum in the ioniza-
chosen pulse width, the electron density starts to tion cross section is obtained, which agrees well with
decrease significantly and determines the plasmonthe experimental observations.
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