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Abstract. We present a numerical study of the electron dynamics of Naé% in laser pulses of fixed total en-
ergy and pulse lengths varying between 20 and 400 fs. The frequency of the laser is 3.1 €V, i.e. slightly above
the plasmon frequency of Naé%. It turns out that there is a clear-cut transition between a short-pulse and
a long-pulse regime for pulse lengths around 200 fs. For short pulses, resonance with the collective plasmon
mode leads to strong ionization of more than 10 electrons on the average. On the other hand, ionization
of long pulses is much less drastic and proceeds mainly via a steady heating of the cluster valence electron
cloud. These observations and the proposed ionization mechanism are in general accordance with recent

experimental findings.

PACS. 36.40.Gk Plasma and collective effects in clusters — 36.40.Wa Charged clusters — 71.24.4+q Electronic

structure of clusters and nanoparticles

The dynamical behavior of the valence electrons of metal
clusters has been widely studied in recent time. The
most prominent feature to be observed is a collective
electronic excitation known as Mie plasmon. The ex-
istence of this collective mode in metal clusters is re-
sponsible for many of their optical properties [1]. The
phenomena of interest run over a wide range, from the
linear regime of weak excitations up to the highly non-
linear regime of multiphoton effects such as multiple
ionization.

A number of theoretical studies have addressed this
dominance of the Mie plasmon in various physical con-
texts. Some of them were confined to the linear response
regime [2, 3], whereas more recent work has focused on
metal clusters in strong laser pulses [4].

A very recent experimental study [5] deals with the
role of the plasmon in the ionization dynamics of Nags.
In the experiment, mass selected Nag, clusters were ir-
radiated with 100-femtosecond laser pulses with photon
energy hw = 3.1eV. A large amount of doubly and triply
charged fragments was detected. This effect was absent
when nanosecond pulses of the same wavelength and pulse
energy were applied. Arguing with a simple rate model,
these highly efficient ionization processes were interpreted
in [5] as resulting from an autoionization mechanism of
a multiply excited plasmon resonance.

In this paper, we want to revisit these experimental re-
sults from a theoretical point of view, using numerical sim-
ulations based on time-dependent density functional the-
ory. Our goal is to study the ionization dynamics of Nag,
excited by laser pulses of varying length but constant pulse
energy and photon frequency. In particular, we aim at clar-

ifying the role played by the Mie plasmon. It will turn out
that the experimental findings from [5] may be understood
as involving a resonance phenomenon between the laser
field and the plasmon. Note furthermore that within our
approach the concept of a multiply excited plasmon is not
explicitly invoked. This, however, is not necessarily in dis-
agreement with the mechanism put forward in [5], as will
be discussed below.

Let us begin by relating the position of the Mie plasmon
of clusters in different charge states to the photon energy
3.1€V used in the experiment. Figure 1 shows the spectral
dipole strength function for three spherical clusters con-
taining 92 valence electrons. The calculations have been
done using the linear response formalism developed in [6].
It is seen very clearly that the Mie plasmon peak moves
to higher frequencies for increasing charge state. While for
Nad; the main peak lies at about 2.75eV (note the frag-
mentation of the plasmon related to Landau damping),
it moves to 3.0 eV for Nagi and to 3.15eV for NajJ5 . One
can estimate that the photon energy of 3.1 eV should just
be in resonance with the plasmon of the cluster of charge
state 8+.

Note that, to be more precise, the above calculations
should have been performed on clusters with constant
number of ions 93 while decreasing the number of elec-
trons, rather than, for simplicity, keeping the number of
electrons fixed at 92 and increasing the number of ions.
However, the differences in the spectra may safely be as-
sumed to be small, so that the above estimates are directly
relevant for the experiment. We conclude that the cluster
has to shed at least 7 electrons in order to pass through
a resonance with the laser field at some time during the



408

strength

2.8 3.0

w [eV]

Fig. 1. Strength distribution S(w) = (0|D§(H —w)D|0) for
three different charge states of a Na cluster with Ng; = 92 com-
puted in linear response on a Kohn-Sham ground state using
a soft spherical jellium background. The vertical line indicates
the laser photon energy used in the experiment of [5].

pulse. As we shall see below, this is the preferred mechan-
ism for short, intense laser pulses.

To make contact with the experiment from [5], we have
simulated the ionization of Nag; in laser pulses of varying
length. Our calculations use a time-dependent density-
functional approach within the local density approxima-
tion (TDLDA). Compared to more sophisticated models
(such as self-interaction correction [7]), the TDLDA has
been shown to yield a good description of electron es-
cape. Technical details are given in [4,8]. In short, we
solve the time-dependent Kohn—Sham equations for Nad,
whereby the laser pulses enter as an external potential
of the form Epz f(t) sin(wt). Here, f(t) parametrizes
the pulse shape, taken to be trapezoidal with a linear
switching-on and off during the first and last 10% of the
total pulse length T},use. The peak electric field strength
Ey of the pulse is related to the peak intensity Iy via
Eo ~ +/Iy. We choose a value of Eg = 0.0018 Ry/ag, corres-
ponding to Iy = 2.85 x 101 W /cm?, for a pulse duration
Touise = 100 fs. When varying the pulse length, the prod-
uct JoThuise is kept constant so as to guarantee a fixed total
fluence of the pulse. This corresponds to an experimental
pulse energy of 0.3 mJ if we assume a focal spot of 2.5 mm
width.

The ionic background of the cluster has been treated in
the soft jellium model [8]. Within this approach, the mo-
tion of the ions is ignored, which is acceptable for time
spans not much greater than about 100 fs and sufficiently
accurate for the present exploratory purposes. Moreover,
the soft jellium produces an ionization threshold which is
somewhat too small, and therefore the flow of escaping
electrons will be slightly overestimated. We expect, how-
ever, that the trends which we study will be correct.

We monitor the electron dynamics of the Nag; cluster
by calculating the time dependence of some characteristic
observables. First of all, the number of escaped electrons,
Nesc, and the dipole moment d(t) = [ d®r zp(r,t) are cal-
culated according to the usual prescriptions [8] inside an
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Fig. 2. Time evolution of key observables: the number of es-
caped electrons Nesc, the dipole amplitude, and the intrinsic
thermal excitation energy Eiy, for a Naé“3 cluster with spherical
jellium background excited by a laser pulse with parameters as
indicated. The shape of the pulse was trapezoidal, ramped to its
maximum with 10% switching time at both sides.

analyzing volume of radius R+ 2rs = 26.1 ag, where R is
the jellium radius and s = 4 a¢ for sodium.

We plot the time evolution of Ngg and d(t) in Fig. 2
for a short pulse of length Tuse = 48 fs. It can be seen
that N rises steadily to its final value of about 11 emit-
ted electrons at the end of the pulse. One can also clearly
see that the amplitude of d(t) goes through a maximum for
Nese = 7, which indicates that at this moment the charge
state of the cluster is such that the plasmon mode of the re-
sidual electron cloud is in resonance with the laser field. At
the end of the pulse, the dipole oscillation stabilizes at an
amplitude where the average energy of the electron cloud
corresponds to the excitation of one plasmon, as indicated
by the dashed line. This suggests that in the presence of the
driving laser field the system may indeed sustain multiple
plasmon excitations (as indicated by the large amplitude
of d(t)), which, however, quickly die off after the pulse is
over. This shows that a metal cluster cannot be kept in
a multi-plasmon regime for long because excess excitation
is immediately (i.e. within 2 fs) drawn off by direct electron
emission.
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In addition to these observables, we compute character-
istic energies which contain valuable information about the
dynamics of the processes under study. We first define

T,

/ dt Eo f(t) sin(wt) %<ﬁ> ;
0

Eogt = (1)

which measures the total energy transferred to the clus-
ter by the external laser field. We then define the intrinsic
thermal energy as

22
Ech/ d37“ (T—E—TETF> .
vol. 2p

Here, p(r,t) and j(r,t) are the particle and current densi-
ties and 7(r, t) is the (noninteracting) kinetic energy dens-
ity of the Kohn—Sham system. mgTr = 0.6(37r2)2/3p5/3 +
(Vp)?/(18p) is the ground-state kinetic energy density of
a system with density p in extended Thomas-Fermi ap-
proximation. The quantity [, d®rmj*/(2p) indicates the
collective energy of the system. Its maximum value during
the time evolution will be denoted by Fcqj.

The bottom panel of Fig. 2 shows the behavior of Fyy.
One can see that the emission of electrons is paralleled by
a steady heating up of the residual electron cloud. The rea-
son is that emission removes preferably outer shells. This,
in turn, drives the dipole oscillations of the various shells
out of phase, thus damping collective motion. After the
end of the pulse, we observe still a slight decrease of Eyy,.
This effect is linked to those electrons which have escaped
the analyzing volume (accounted for in Nes.) and are now
travelling to the boundaries of the numerical box where
they are finally absorbed. Some Ey from the interior is
transferred to the escaping electrons via the long-range
Coulomb forces.

Let us now study how the ionization dynamics of Nag,
depends on the length of the laser pulse. Figure 3 sum-
marizes the key results of our numerical simulations. We
have plotted the number of escaped electrons Nes. and the
characteristic energies Fext, Fin and Fgop per particle ver-
sus Tpuise (Nesc and Eyy, have been determined 30 fs after
the end of the pulse). One clearly observes that there are
two different dynamical regimes: The first regime covers
pulse durations of less than 200 fs. Here we are in the short-
pulse, high-intensity domain where the interaction of the
laser with the cluster is a very fast and violent one. A large
amount of energy (around 2 €V per particle) is transferred
to the cluster, see the bottom panel in Fig. 3. This en-
ergy transfer can cause the system to emit more than 10
electrons. The remaining energy is stored in the collec-
tive oscillation and thermal heating of the residual electron
cloud. The second regime comes for Tpy1se > 200 fs where
we enter the long-pulse regime of weak excitation. Here,
the energy transfer to the cluster is largely independent of
the pulse length, and N stabilizes at values of around 3.
This clearly indicates a linear behavior, since the amount
of energy contained in the pulse is kept constant.

This rather abrupt transition between the two dynam-
ical regimes calls for explanation. We recall the discus-
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Fig. 3. Summary of the key results for laser excitation of
Naé“3 with spherical jellium background drawn versus the pulse
length T},,16¢ of the laser. The intensity of the pulse varies as
I~T; ) | where I =2.85x 1012 W/cm® for Tpyjee = 100 fs.

pulse

sion of Fig. 1, where it was shown how the position of the
Mie plasmon shifts towards higher energies for increasing
charge state of the system. This suggests that the short-
pulse regime observed in Fig. 3 is characterized by a res-
onance of the laser field with the plasmon of the residual
electron cloud. In other words, during the time evolution
the cluster tries to reach a state where such a resonance
can occur. To attain this goal, at least 7 valence electrons
have to be emitted. Once the system has passed through
the resonance, there may still emission be going on (due
to the high energy content of the system, see bottom and
top panel), so that the final charge state actually lies be-
tween 10 and 15. Note that the dip observed in N,
Eexi/N and Ey,/N at around Tpyise = 100 fs may be re-
lated to a splitting of the Mie plasmon, see the full curve
in Fig. 1.

Whether or not the state of resonance can be reached,
is a highly nonlinear effect, depending in a crucial way on
how fast the pulse is switched on and how large the peak
intensity is. Pulses with Tpyise > 200 fs are clearly inca-
pable of triggering the fast emission processes which are
necessary for the cluster to reach the charge state to pass
through the resonance. The energy transfer to the cluster
then proceeds much more smoothly, inducing small oscilla-
tions and a slow but steady excitation of the electron cloud,
such that in the end a much smaller number of electrons
gets released.
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Fig. 4. The probabilities P(") to find the remaining clus-
ter in a specific charge state n+ for two laser excitation of
Nagg. The frequency of the laser pulse was w = 3.1 €V in both
cases. The pulse length was varies as indicated, and the in-
tensities were I = 5.4 x 101° W/crn2 for the shorter pulse and
I=12x10" VV/cm2 for the longer one. The circles connected
by full lines represent the result from TDLDA and the trian-
gles connected by dotted lines are a binomial distribution with
nmax = 93 and tuned to reproduce the average electron escape.

The number of escaped electrons Nesc may be viewed
as an average over a variety of different, discrete charge
states of the cluster. Each of these charge states occurs
with a probability P("*). These probabilities can be ob-
tained (approximatily) from our time-dependent Kohn—
Sham calculations [4]. Figure 4 shows the distribution of
the ion probabilities P("1) for two different laser pulse
lengths, 48 fs and 240 fs. For the short pulse, the most prob-
able charge state is 48, whereas for the long pulse it is
+4. We also see in Fig. 4 that the ion probabilities come
very close to a binomial distribution. Similar observations
have been made in the experiment [5]. It is noteworthy that
our calculations deliver this binomial distribution within
a fully coherent propagation mechanism where no statisti-
cal models or assumptions are implied.

In both the short- and the long-pulse regime, the energy
stored in the excited valence electron cloud eventually gets
converted into ionic motion. This phase of the cluster dy-
namics is beyond the scope of the present paper, although
recent efforts have been aimed at a unified treatment of
electronic and ionic dynamics [9]. Generally speaking, the
cluster may choose to evaporate neutral atoms or split up
into charged fragments [10].

In the experimental situation discussed in [5], one de-
tects a large variety of products of the laser-cluster reac-
tion. For 100-fs pulses, one finds numerous singly, doubly
and triply charged fragments, whereas in the case of ns
pulses one observes only singly charged clusters. This is
in qualitative accordance with our simulations, which pre-
dict a much smaller ionization efliciency in the long-pulse
regime. The fact that we still observe some ionization even
for long pulses (Nesc & 3) may be because our laser inten-
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sities are somewhat higher than the ones used in the ex-
periment. Another reason for discrepancies may be linked
to the simplified description in terms of the jellium model.
However, these small deviations do not affect the general
physical picture.

We have also explored with the same strategy the de-
pendence on Tpyuse for a laser with a frequency slightly
below resonance. Again, we observe a regime of high elec-
tron emission for short pulses and of low emission for the
long ones. In this case, however, the transition proceeds in
a more gradual manner dropping step by step from the ini-
tial ionization state 117 to the asymptotic value.

In conclusion, we have proposed a mechanism to ex-
plain an enhanced ionization efficiency in Nad, irradiated
with short intense laser pulses. The cluster keeps emitting
electrons until its charge state is such that the collective
plasmon mode of the residual electron cloud goes through
a resonance with the laser field. The transition to the long-
pulse regime, where the energy transfer proceeds via a slow
but steady heating of the cluster, was found to take place
rather abruptly at pulse durations of 200 fs. This transi-
tion time depends, of course, sensitively on the relation
between laser and plasmon frequency because we are ex-
ploring a resonant process here. Our approach also allows
us to compute probability distributions of discrete charge
states of the system. We obtain binomial distributions in
all cases. The calculations presented here may be viewed as
the first phase of electronic excitation, leading eventually
to the fragmentation of the cluster.

Two of the authors (P.-G. R. and E. S.) thank the French-
German exchange program PROCOPE 95073,the Institut Uni-
versitaire de France for financial support, and the Institute for
Nuclear Theory (Seattle) for its hospitality, financial support
and computational facilities. P.-G. R. also acknowledges sup-
port from the Deutsche Forschungsgemeinschaft.

References

1. U. Kreibig, M. Vollmer: Optical Properties of Metal Clus-
ters (Springer, Berlin 1995)
2. W. Ekardt: Phys. Rev. Lett. 52, 1925 (1984); Phys. Rev. B
31, 6360 (1985); Phys. Rev. B 32, 1961 (1985)
. B. Montag, P.-G. Reinhard: Phys. Rev. B 51, 14686 (1995)
4. C.A. Ullrich, P.-G. Reinhard, E. Suraud: J. Phys. B: At.
Mol. Opt. Phys. 30, 5043 (1997)
5. R. Schlipper, R. Kusche, B. von Issendorff, H. Haberland:
Phys. Rev. Lett. 80, 1194 (1998)
6. J. Babst, P.-G. Reinhard: Z. Phys. D 42, 209 (1997)
7. C.A. Ullrich, P.-G. Reinhard, E. Suraud: J. Phys. B: At.
Mol. Opt. Phys. 31, 1871 (1998)
8. F. Calvayrac, P.-G. Reinhard, E. Suraud: Ann. Phys. (N.Y.)
255, 125 (1997)
9. F. Calvayrac, P.-G. Reinhard, E. Suraud, J. Phys. B 31,
5023 (1998)
10. U. Naher, S. Bjornholm, S. Frauendorf, F. Garcias, C. Guet:
Phys. Rep. 285, 245 (1997)

w



