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Abstract

Very good absorption of ultra short laser pulses by clusters is a well established fact. Efficient collisional absorption
occurs only in the initial phase of the pulse. However, experiments and numerical simulations show that even after
collisional absorption becomes inefficient subsequent to heating of the electrons, strong absorption continues. There
have been a few attempts to model this phenomenon in terms of driven “linear” oscillator models with time dependent
eigen-frequencies. Here we propose a nonlinear oscillator model and show that nonlinear resonance is the leading
mechanism responsible for the collisionless absorption. Further it is demonstrated, on the basis of Lyapunov spectra, that
laser-cluster interaction, under certain conditions, exhibits chaotic behavior.
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1. INTRODUCTION

Interaction processes of intense laser and particle radiation
~Deutsch, 2004! with matter is currently of high interest to
the research community. This is in part due to the fact that
new roads to inertial fusion ~Hora, 2004! and the investiga-
tion of matter under extreme with powerful accelerators
~Hoffmann et al., 2005; Tahir et al., 2005! are opened. At
many places worldwide new laser installations and particle
or heavy ion accelerators are being built to address this prob-
lem. Ultra short laser pulses are a new tool to transform mat-
ter into high density plasmas at the shortest time scale which
is presently possible. Matter in the form of clusters is an inter-
esting research area in itself and the interaction of intense
laser pulses with clusters is not understood in full detail ~Shokri
et al., 2005a, 2005b!. Cluster ion beams have also been pro-
posed as beams for inertial fusion energy ~Tahir et al., 1997!
due to the collective stopping phenomena ~Deutsch et al.,
2005!. In this paper we will investigate the interaction of
ultra short laser pulses with clusters.

Clusters absorb ultra short laser pulses very efficiently
because:

~a! Their density is comparable to that of solid matter and
~b! Having dimensions smaller than the wavelength of

the irradiating laser, they are completely bathed in the
latter.

While the absorption in unclustered gas medium is at most a
few percent of the incident radiation, in clustered media it
can be as high as 95% ~Ditmire et al., 1997!. The absence of
heat transport via conduction coupled with the extraordinary
absorption rate leads to a very hot plasma with temperatures
in the range of several keV. The formation of this high tem-
perature plasma is attested by the emission of copious quan-
tities of X-ray photons in the keV range ~McPherson et al.,
1994; Fukuda et al., 2004; Magunov et al., 2003!, coherent
~Donnelly et al., 1996!, and incoherent ~McPherson et al.,
1994; Ditmire et al., 1995! harmonics of the incident laser,
electrons with energies ranging up to several keV ~Springate
et al., 2003!, and multiply charged ions with energies up MeV
~Ditmire et al., 1998; Zhu et al., 2003!. The existence of
high energy ions is further confirmed by the occurrence of
fusion reactions in deuterium clusters. Up to 104 neutrons
have been observed from deuterium clusters ~50 Å diam-
eter! when they were irradiated by a 120 mJ laser ~wave-
length 820 nm! pulse of 35 fs duration ~Ditmire et al., 1999!.

It is clear that collisional absorption, although very effec-
tive in clusters during the initial phase, cannot account for
all of the absorption because it becomes ineffective as the
temperature of the electrons increases beyond 1 keV or as
the instantaneous intensity becomes large owing to the v 3

dependence of the collision frequency ~electron inertia
neglected!. Indeed particle in cell ~PIC! and molecular
dynamics ~MD! calculations attest this experimental fact
~Greschik & Kull, 2004; Bauer, 2004!. However, PIC0MD
simulations do not elucidate the physical mechanism of
absorption.
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Irreversible absorption of the laser pulse can occur if and
only if the current induced by the laser pulse has the same
phase as the laser for most of the time, that is, * j � Edt � 0.
The integral is carried out over the total interaction time.
This is possible only if j is, in the average not orthogonal to
E and the phase is equal. While not surprisingly, the neces-
sity for phase matching has been recognized ~Taguchi et al.,
2004; Jungreuthmayer et al., 2004!, the mechanism for
phase matching has not been elucidated so far. In this paper
we show that nonlinear resonance is the mechanism for
phase matching and consequently for irreversible absorp-
tion. Furthermore it is shown that ultra short pulse laser
interaction with the cluster can be modeled as a nonlinear
giant dipole oscillator, and the behavior of such an oscilla-
tor, for certain sets of parameters can be chaotic.

2. MODEL

As mentioned in the introduction, we will describe the
laser-cluster interaction in the framework of a giant dipole
model. The giant dipole model regards the ions to form an
immobile positively charged sphere and the electrons as a
mobile negatively charged spherical cloud driven by the
combined fields of the ion sphere and the laser field. This
picture has emerged as a result of PIC simulations of ultra
short laser pulses with cylindrical and spherical clusters
~Greschik & Kull, 2004!. A similar model consisting of a
driven damped harmonic oscillator with a time dependent
eigen-frequency has also been arrived at for interpreting
results obtained from simulating laser-cluster interactions
using a hierarchical tree code ~Saalmann & Rost, 2003!.
However this model considers only linear resonance. For
simplicity, we will make few further assumptions as well.
First of all, we will consider the motion of the center of mass
of the electron cloud only, disregarding the electron-
electron interactions. The second assumption consists of
ignoring the expansion of the electron sphere due to heating
and distortion and further disintegration of the electron
cloud due to tidal forces. Thus, the giant dipole model
consists of the evolution of a single negatively charged
particle having the same mass and charge as the entire
electron cloud moving in the potential well of the ion sphere
driven by the laser pulse. Thus the equation of motion of the
system can be written as:

d

dt
~g{v! �

1

M
{~F~r!� qE !, ~1!

where r and v are the position vector and velocity of the
center mass of the electron sphere respectively, and g is the
usual relativistic factor. The coordinate origin is located at
the center of the ion sphere. F is the force between the
electron and the ion sphere, M and q are the total mass and
charge of the electron sphere, respectively. For the sake of
simplicity, the effect of the laser magnetic field has also
been neglected. A similar model which incorporates the

effects of the magnetic field and expansion of the electron
sphere has been described elsewhere ~Kanapathipillai et al.,
2004!.The force F can be evaluated easily as:
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where rn � r0R. The potential associated with this force
field is,
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The arbitrary constant is hosen so as to ensure that the
potential is zero at r � 0. As 6r6r`, F~r!r 605{q204pR,
which is the energy required to completely separate the
electron and the ion spheres ~complete “outer ionization”!.
We assume that the laser pulse has the form which is
observed in experiments ~Fuerbach et al., 2005! and can be
described by:

E � ex E0Q@np� ~vt � kz!#{sin@~vt � kz!0n#

�Q~vt � kz!sin~vt � kz!, ~4!

where the cluster is initially at rest. The function Q is a step
function which is either 1 or 0 depending on the argument in
order to assure that the pulse is non-zero only in a small
interval.

Note that for small oscillations ~rn ,, 1! the potential is
harmonic and consequently for small laser intensities ~I �
1018 Wm2! the behavior of the oscillator is identical to that
of a harmonic one. In this case the solution can be found
analytically and the expression for absorbed energy coincides
with the one obtained using quantum mechanics with a first
order perturbative approximation. Naturally as one would
expect, the absorption of laser pulses having frequency far
below the Mie resonance frequency v0 � vp 0M3, vp the
plasma frequency associated with the electron density, is
negligibly small.

As 6r6 increases the restoring force F weakens and the
frequency of free ~laser pulse absent! oscillations, decreases.
Indeed for large amplitude oscillations, the potential can be
effectively regarded as Coulomb, and the frequency of free
oscillations in the potential well is described by Kepler’s
law, that is, it is proportional to rmax

�302 ~Kanapathipillai et al.,
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2004!. In other words, with increasing amplitude, the fre-
quency of nonlinear oscillations decrease, opening the
way for an efficient coupling with the laser pulse whose
frequency is far smaller than the Mie frequency. Indeed this
is what is observed by solving Eq. ~1! for various laser
intensities. Figure 1 shows a particular solution of the
Eq. ~1! for v0v0 � 0:3 in which nonlinear resonance and
therefore irreversible absorption occur. One can clearly see
the phase matching between v and E during the resonance.
When we consider the first resonance, at t0TL ' 5:0 just
before the resonance, the phase between v and E is p02 and
at t0TL � 6:5, just after the resonance it is �p02. The
horizontal line depicts the outer ionization energy for an
electron. In this particular case the cluster is fully outer-
ionized, that is, the electron and the ion spheres completely
decouple from each other.

Figure 2 shows the net absorption for the experimentally
relevant parameter range. The figure overestimates the
absorbed energy because expansion of the electron sphere
due to heating has not been taken into account in our
analysis. However when this expansion is taken into account,
average absorption energy of some 5 keV per electron
results which is in the same ball park as experimentally
measured electron energies ~Springate et al., 2003!.

Fig. 1. Solution of Eq.~1! for R�50 Å,v0vo �0:3, n�24, and the peak intensity I0 �102{«0 cE0
2 �2.54 1021 Wm�2. TL-laser period;

E denotes the electric field strength and b is an arbitrary factor. ea and eI are the average energy absorbed by an electron of the cluster
and its outer ionization energy respectively. Nonlinear resonances occurs at about t � TL' 6 and t0TL'10. Note the abrupt alteration
of the relative phase between the laser electric field and v during the passage through the resonances and the corresponding drastic
change in the absorbed energy.

Fig. 2. Average absorbed energy «;p per electron in units of electron rest
energy me c2 as a function of the frequency of the irradiating laser pulse and
its peak intensity for a cluster with R � 50 Å. The length of the laser pulse
was 12 cycles; therefore the pulse length was not constant due to the
variation of the frequency of the laser pulse. Note the sensitivity of the
absorbed energy on the frequency and peak intensity of the laser pulse.
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3. CHAOS

The sensitive dependence of the absorbed energy on the
frequency and the intensity of the laser pulse as seen
in Figure 2 is striking. Since the equation of motion of
the oscillator Eq. ~1! constitutes an autonomous dynam-
ical system containing three equations ~time is taken as
both dependent and independent variable to make the sys-
tem appear autonomous!, one may surmise chaos as the
cause of the sensitivity. To further ascertain the nature
of the evolution of the oscillator, we have also constructed
a bifurcation diagram by varying the intensity of the laser
pulse while keeping the frequency and the number of
cycles in the laser pulse constant. Figure 3 shows such a
bifurcation diagram. To confirm this result we evaluate
the characteristic exponents of the dynamical system
~Udwadia & von Bremen, 2002!. It is obvious that when
the characteristic spectra become positive, chaos is indi-
cated by the bifurcation diagram. Finally, Figure 4 shows
the characteristic spectra for experimentally relevant param-
eter range.

4. CONCLUSION

We have studied collisionless absorption of ultra short pulses
by clusters in the frame work of a giant dipole model. It has
been shown that nonlinear resonance is the main mechanism
of irreversible energy exchange between the laser pulse and
the cluster. Further it has been demonstrated, on the basis of
characteristic spectra that the interaction of ultra short pulses
with clusters is, for certain range of parameters chaotic.
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NOTE ADDED BY THE EDITOR

Dr. Kanapathipillai died unexpectedly while the paper was in the
final stage of processing. His colleagues at GSI and TU-Darmstadt
~P. Mulser, T. Schlegel, and D.H.H. Hoffmann! helped with the
final version of this paper. We will keep Dr. Kanapathipillai’s
memory alive with us, and will remember him as a dedicated
scientist. His friends fondly remember him and pay their tribute to
the departed soul.

Fig. 3. Bifurcation diagram ~points! and the characteristic spectra ~Lyapunov spectra-solid line! as a function of peak laser intensity I0.
As before R � 50 Å, v0v0 � 0:3, n � 24. Note that the positively of the characteristic spectra coincides with the onset of chaos.
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