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The dynamics of small (≤ 55 atoms) argon clusters ionized by an intense,
infrared, femtosecond laser pulse is studied using a Bloch-like hydrodynamic
model. Evolution of both free electrons and ions formed in the cluster explosion process is examined. Oscillations of the electron cloud in a rare-gas
atomic cluster are described as a motion of a fluid obeying Bloch-like hydrodynamic equations. Our theoretical approach includes all possible ionization
mechanisms: tunnel (or field) ionization both by an external laser field, and
by an internal field due to the space-charge distribution inside the cluster,
as well as electron-impact (or collisional) ionization. The results of our simulations are compared both with experimental findings and with predictions
of other theoretical models.
PACS numbers: 36.40.–c, 32.80.Rm, 42.50.Hz, 07.05.Tp

1. Introduction
Atomic clusters formed in expanding high-pressure gas jet may be considered
as targets of intermediate size between gaseous media and solids. They are as easily
penetrated by a laser beam as gaseous media and at the same time exhibit large
absorption of laser energy comparable to the solid targets [1].
Laser interaction with the atomic clusters (consisting of a few hundred to
few thousand atoms) differs substantially from that of simple atomic and molecular systems. Experiments on clusters irradiated by the intense laser pulses have
revealed efficient generation of extremely highly charged atomic ions [2–8] and
generation of electrons and ions with MeV kinetic energies [6, 7, 9–11]. Several
other theoretical models have been proposed to explain the mechanism underlying
the production of highly charged energetic ions in interaction of atomic clusters
with intense laser pulses.
(3)
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In classical Monte Carlo simulations of cluster explosion the nuclei and unbound electrons are treated as classical particles obeying Newton’s equations of
motion [12–15]. The bound electrons are released with a certain probability depending on the electric field strength inside the cluster [12–15] and collision probability with other electrons and ions [13, 14].
Production of highly charged energetic ions by laser irradiation is of an essentially many-electron character and thus requires a theoretical framework within
which a large number of electrons could be treated. The time-dependent density
functional theory (TDFT) provides such a framework. Recently an application
of this theory to a study of the response of atomic clusters to an intense laser
pulse appeared [16]. A simplified one-dimensional model with frozen ion positions
and the omission of correlation effects allowed the authors to solve numerically
time-dependent Kohn–Sham equations describing electron dynamics in a cluster.
Results concerning the initial stage of ionization in moderate intensity regime were
presented.
In this paper we further investigate a theoretical approach to explosion of
rare-gas atomic clusters in intense laser pulses based on a Bloch-like hydrodynamic
model introduced in our previous work [17]. Results of additional simulations are
presented and their relation to the conclusions of the recent time-dependent density
functional [16] and molecular dynamics models [12–15] is discussed. The accuracy
and speed of the Smooth Particle Hydrodynamics N-Body numerical code used in
our simulations has been greatly improved. This allows us to study a realistic case
of 55 atom argon cluster (in Ref. [17] only a 6 atom argon cluster was studied).
2. Model
Following Bloch [18] we assume that the oscillations of the electron cloud in
a rare-gas atomic cluster can be viewed as a motion of a fluid characterized by
a density ρ(r, t), a velocity field v(r, t), and internal energy U (r, t) obeying the
standard conservation equations for number of particles and momentum. In its
Lagrangian form, they read as
dρ(r, t)
= −ρ(r, t)∇ · v(r, t),
dt

m

1
dv(r, t)
=−
∇p(r, t) + e∇Φ(r, t),
dt
ρ(r, t)

(1)

where the pressure p is defined by the equation of state for an ideal fermion gas
[19]:
2
ρ(r, t)U (r, t)
(2)
3
and the relations for the internal (kinetic) energy of an ideal electron gas at zero
p(r, t) =
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temperature [19] are used locally
3 h̄2 ¡ 2 ¢2/3
3π
(3)
5 2m
(e is the elementary charge, and m denotes the electron mass), and the self-consistent Coulomb potential reads as
Z
N
X
Ze
eρ(r 0 )
Φ(r, t) =
− d3 r 0
.
(4)
|r − Ra (t)|
|r − r 0 |
a=1
2/3

U (r) = ck [ρ(r)]

,

ck =

The hydrodynamic equations (1) for the electron density ρ should be supplemented by the Newton equations of motion for the positions of the nuclei Ra :
d2 Ra (t)
= −Ze∇Φ(Ra (t), t),
(5)
dt2
where M denotes the nuclear mass.
The interaction with the laser pulse is treated within the dipole approximation by replacing the electrostatic Coulomb potential in Eqs. (1) and (5) by
M

Φ(r, t) → Φ(r, t) − r · pF (t),

(6)

where F (t) is the electric field of the incoming wave. The linearly polarized wave
of a pulse used in the simulations is assumed to have a field envelope proportional
to sine squared with a full width at half maximum τ and an optical period τ0 :
µ
¶
³π ´
2π
F (t) = F 0 sin2
t cos
t .
(7)
2τ
τ0
3. Simulations
The initial structure {Ra (t0 )} of the 55 and 13 atom argon clusters is chosen
to be that of a closed-shell icosahedron with an atom spacing of 3.7 Å [17]. The
initial value of the electron density ρ(r, t0 ) is obtained by looking for the stationary
solution of the hydrodynamic equations (1) with small viscosity terms added [17].
This initial electron density corresponds to the minimum of the Thomas–Fermi
energy functional [17].
The atoms of the cluster have initially no kinetic energy and are subject to an oscillating electric laser field at intensity I = 1.4 × 1015 W/cm2 (or
F0 = 0.2 a.u.). The pulse used in the simulations had a wavelength λ = 800 nm
and a temporal full width at half maximum τ = 106.67 fs (or τ /τ0 = 40).
In Fig. 1 we plot the internal, kinetic, potential, and total energy of a
55 atom argon cluster illuminated by a laser pulse plotted versus time. Total energy
absorbed from the laser pulse is clearly visible. Efficient laser energy absorption
starts when the pulse envelope approaches its maximal value. It is seen that the
Thomas–Fermi energy relations are preserved at the initial time, i.e. the potential
energy is twice as large as the internal energy with the minus sign [20]:
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Fig. 1. Internal, kinetic, potential, and total energy of a 55 atom argon cluster illuminated by a laser pulse ploted versus time. The Thomas–Fermi energy relations are
preserved at the initial time. Total energy absorbed from the laser pulse is clearly visible. Efficient laser energy absorption starts when the pulse envelope approaches its
maximal value.

2Eint + E pot = 0,
where

Z
d3 rρ(r)U (r)

Eint =
and
Epot =

(8)

1
2

(9)

Z
d3 reρ(r)Φ(r).

(10)

The total energy absorbed by the cluster from the laser pulse is divided into
three parts: kinetic energy of the free (detected) electrons, excitation energy of the
ions (in our model it is equal to the kinetic energy of the electrons still bound in
the ions), and kinetic energy of the ions. The detailed energy absorption process is
illustrated in Fig. 2. First at ≈ 80 fs the bound electrons are excited into states of
high kinetic energy. Thus both ionization of the atoms and expansion of the cluster
starts. At later times around ≈ 80 fs plasmon-like excitations of the free electrons
still inside the cluster absorb most of the laser energy. This absorbed energy is
then converted into translational energy of the ions and cluster disintegrates by a
Coulomb explosion process.
In Fig. 3 we plot the radii R of the shells of the 55 atom cluster as a function
of time t. These radii were computed as an average distance between each ion from
a given shell and the central ion of the cluster. For convenience the second shell has
been split into two subshells with different initial radii (i.e., a subshell is defined
as a group of atoms equally spaced from the central atom of the cluster). It is seen
that the explosion is neither instantaneous nor uniform. It exhibits a layer-like
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Fig. 2. Kinetic energy of both bound and free (detected) electrons, and the kinetic
energy of the ions formed in the process of cluster explosion ploted versus time. Electrons
start to move first. Energy acquired by the cluster is next translated into kinetic energy
of the ions.

Fig. 3. Radii of each (sub)shell of an exploding 55 atom cluster ploted versus time. The
explosion process is neither instantaneous nor uniform. It exhibits a layer-like structure
in which shells of cluster ions are expelled sequentially. For comparison a radius of a 13
atom cluster illuminated by the same pulse is also ploted.

structure in which shells of cluster ions are expelled sequentially. For comparison
a radius of a 13 atom cluster illuminated by the same pulse is also ploted.
Let us mention that multi-electron ionization and Coulomb explosion of large
xenon clusters studied using classical Monte Carlo simulations revealed that electrons are removed from the cluster mainly when the cluster size is enlarged due to
Coulomb explosion [13]. Calculation of the energy absorption of atomic clusters
as a function of laser pulse length showed a maximum for a critical length which
can be linked to an optimal cluster radius [15]. This is with perfect agreement
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with our simulations of argon clusters. Indeed as follows from inspection of Figs. 2
and 3 most effective energy absorption by the free electrons liberated from the
atoms but still inside the cluster happens at ≈ 140 fs when the cluster is enlarged
approximately twice.

Fig. 4. Average kinetic energy of the outgoing atomic ion fragments coming from different (sub)shells of the 55 atom cluster. Stepwise character of the explosion is seen:
the ions leaving first are far more energetic than those leaving later. For comparison
average kinetic energy of the ions coming from a 13 atom cluster illuminated by the
same pulse is also ploted.

In Fig. 4 we have the kinetic energy Ekin of the atomic ions fragments versus
time t. Again it is averaged over the different (sub)shells. Let us note once more
the stepwise character of the explosion: the ions leaving first are far more energetic
than those leaving later. Such a process has been suggested as an explanation of
phenomena observed in experiments [8] and confirmed within 1D numerical simulations using a similar time-dependent Thomas–Fermi hydrodynamic model [21].
For comparison a radius of a 13 atom cluster illuminated by the same pulse
is also ploted. We see a strong increase in energy of the ion fragments (coming
from an increase in ionization rate) with the number of atoms in the cluster. This
is in agreement with TDFT simulations [16].
In Fig. 5 we have average charge of the outgoing atomic ion fragments coming
from different (sub)shells of the 55 atom cluster. Field ionization induced by an
external laser field starts at the same time for all atoms of the cluster. Next the
ionization of the inner shell seems to be slowed down by the presence of the outer
shells of the cluster. At later times the outer shells explode and ionization of the
inner shell is strongly enhanced by electron impact ionization due to the plasmon-like oscillations inside the cluster. This shows the dependence of atomic ionization
rates on the original position of an atom in the cluster and is in agreement with
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Fig. 5. Average charge of the outgoing atomic ion fragments coming from different
(sub)shells of the 55 atom cluster. Field ionization induced by an external laser field
starts at the same time for all atoms. At later times ionization of the inner shell is
enhanced by electron impact ionization. For comparison average charge of the ions
coming from a 13 atom cluster illuminated by the same pulse is also ploted. The
ionization rate is much lower.

results of the 1D TDFT simulations [16] (also in our case the most ionized atoms
come from the inner shells of the cluster).
For comparison average charge of the ions coming from a 13 atom cluster
illuminated by the same pulse is also ploted. The ionization rate is much lower.
This is consistent with Fig. 4.
In Fig. 6 we plot the distribution of the final charges of the ions formed
in the explosion of a 55 atom cluster. Charges as high as 8+ are observed. The

Fig. 6. Distribution of the final charges of the ions formed in the explosion of a 55 atom
cluster. They agree with both experimental results and recent theoretical predictions.
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results are consistent with both experimental results by Purnell [22] and theoretical
predictions by Ishikawa [12]. It is seen from inspection of Fig. 6 that it is not
possible to tell from which shell of the cluster an ion is coming just by looking at
its charge. What we need is both charge and kinetic energy.
Thus in Fig. 7 we have the kinetic energy of the ions ploted as a function
of the charge state. Small dots correspond to individual ions while larger filled
circles represent results averaged over (sub)shells. The linear dependence of the

Fig. 7. Kinetic energy of the ions ploted as a function of the charge state. Small dots
correspond to individual ions while larger filled circles represent results averaged over
(sub)shells. The linear dependence of the ion energy on ion charge seems to be a good
approximation for each (sub)shell.

Fig. 8. Kinetic, potential (Coulomb), and total energy of the ions formed in the explosion of the 55 atom cluster ploted versus time. The total energy is constant at the end
of the pulse and allows us to estimate the final kinetic energy of the ions.
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ion energy on ion charge seems to be a good approximation for each (sub)shell.
This agrees with the theoretical results by Ishikawa [12].
Last but not least in Fig. 8 we present kinetic, potential (Coulomb), and
total energy of the ions formed in the explosion of the 55 atom cluster ploted
versus time. The total energy is constant at the end of the pulse and allows us
to estimate the final kinetic energy of the ions. The final energy of 80 keV agrees
with experimental results [22].
4. Summary
In summary, hydrodynamic simulations of the interaction of intense, femtosecond, infrared laser pulses with medium-sized argon clusters have been presented. It was shown that for argon clusters considered, the Coulomb explosion
is the key process in the explosion mechanism. The dynamics of the outgoing
ions appears to be governed purely by the Coulomb repulsion. The physical scenario for the cluster explosion which emerges from our calculations can be divided
into three stages: (i) excitation of bound electrons by the laser pulse followed by
the onset of ionization and expansion of the cluster; (ii) cluster reaches a certain
critical radius for which the laser energy absorption by free electrons inside the
cluster is particularly favored, which leads to the production of highly charged
ions; (iii) the Coulomb expansion of the remaining ion fragments. Our theoretical model provides a uniform description and consistent explanation of all of the
above mentioned stages. Finally, our calculations are in agreement with experimental measurements of the destruction of argon clusters caused by ionization due
to an intense femtosecond laser pulse.
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