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Abstract. The interaction of intense femtosecond laser pulses with argon nanoclusters is studied using nanoplasma
model. Based on the dynamic simulations, ionisation process, heating, and expansion of an argon nanocluster
irradiated by an intense femtosecond laser pulse are investigated. The analytical calculation provides ionisation rate
for different mechanisms and time evolution of hydrodynamic pressure for various pulse shapes. In this work, the
dependence of laser intensity, initial ion density and pulse shape on the electron pressure, the density of electrons
and electron temperature are presented. It is noticed that the negative and positive chirped pulses and initial ion
density implement some modifications on the current calculation models. It is found that reducing the initial ion
density at a laser intensity of about 1 × 1016 W/ hboxcm 2 increases the energy of electrons. By applying a positive
chirp laser pulse during interaction with nanoclusters, both electron density and ultimately electron pressure are
improved by about 22%.
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1. Introduction
The current developments of ultrashort intense laser
pulses using chirped pulse amplification (CPA) and optical parametric chirped pulse amplification (OPCPA)
techniques have attracted increasing attention in laser–
matter interaction [1]. Such pulses are used for the
generation of quasimonoenergetic electron beams to
mega-electron volts [2] and hard X-rays photons. The
generated ponderomotive force in the plasma accelerates electrons of plasma to the relativistic energies over
several MeV. In recent years, considerable progress has
been made in increasing the energy and quality of electron beams, both theoretically and experimentally [3–5].
High-energy electrons can be used in fast ignition of
fusion reaction, production of intense radiation sources
such as X-ray, biological and medical technology [6–
10]. Optimisation and control of this new source of
energetic particles which can be modified by unique
attractive techniques with different applications is an
important subject for researchers. Interaction of intense
laser pulses with large atomic nanoclusters is one of the
most efficient methods that has opened up several areas
of laser plasma science such as electron and ion accelerators [11–13], table-top neutron sources [14], plasma

waveguides [15], and X-ray sources [16]. Simulation of
this interaction provides a suitable context for further
research. Particle acceleration is one of the most important applications of laser–cluster interaction. Low price
and the need for less space for the laser–plasma accelerators compared to other accelerators has led to more
attention to this type of accelerators.
Nanoclusters have unique properties because they can
act as both gas and solid. The transmission distance of
the laser pulse in the cluster is longer than that in the gas
target. Likewise, the absorbed laser energy in the cluster
is larger than that of the solid and gas targets [17].
At this interaction, a nanocluster with 10000 atoms
or more is called a nanoplasma sphere. The nanoplasma
model was developed in 1996 by Ditmire and his
colleagues [18]. This model successfully justifies all
phenomena in the interaction. At this simulation, several improvements have been made which are in good
agreement with the experiments [19].
In this article, we intend to modify the simulation
of the dynamics of laser–cluster interaction. The aim
is to improve the acceleration of electrons by considering optimised initial conditions of interaction. Initial ion
density, laser intensity and laser pulse shapes are important parameters for the production of highly energetic
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electrons. Another feature of this work is to study the
ionisation rate for different mechanisms, hydrodynamic
pressure on different pulse shapes, different intensity of
laser pulse and different initial ion density. When positively chirped laser pulse is used, hydrodynamic electron
pressure is improved by about 20% compared to Gaussian pulse. In this calculation, the argon cluster radius is
considered to be 15 nm, the peak intensity of the laser
is about 1016 W cm−2 , pulse duration (FWHM) is 40 fs
and wavelength is 825 nm.
This paper is organised as follows: in §2, the theory of
cluster formation and laser–cluster interaction including
ionisation, heating, expansion of the cluster and also the
ponderomotive force are described. In §3, the simulation
results are explained in detail and the paper is concluded
in §4.

2. Methods
2.1 Cluster formation
Clusters can be formed inside a high-pressure gas jet.
When gas expands out of a nozzle into the vacuum, its
random thermal energy is converted into kinetic energy
of the gas flow. This adiabatic expansion quickly cools
the gas atoms or molecules. Then, under specified conditions, they can be held together by the van der Waals
force to condense into clusters. The degree of clustering and hence the size of a cluster is determined by the
atomic species, the backing pressure, the stagnation temperature, and the geometry of the nozzle. The properties
of the cluster medium are remarkable. Clusters such as
gases have low average density but in some cases have
near solid density. Clustering and the size of the clusters produced can be described by an empirical scaling
parameter,  ∗ , known as the Hagena parameter [20]:



∗
n = 33 ×
1000

q
.

(2)

Here q ≈ 2–2.5, which implies n ≈ P02−2.5 . For  ∗ ≤
104 , the average number of atoms per cluster is estimated
from the following equation:
 ∗ 2.35

n = 33 ×
(3)
1000
while for  ∗ >> 104 , the scaling law is modified to
 ∗ 1.8

.
(4)
n = 100 ×
1000
2.2 Short pulse interaction with nanocluster
Various models such as ionisation ignition model [21],
the Coulomb explosion model [22], the inner shell excitation models [23], and nanoplasma models [24] are
introduced. The most successful method for checking
the dynamical evolution of large clusters under intense
femtosecond laser radiation is the nanoplasma model
in which three main processes, ionisation, heating, and
expansion, exist. The dynamics of the laser–cluster
interaction in the tunnelling regime is shown in figure 1.
Intense short laser pulse ionises the cluster atoms and
makes a nanoplasma sphere. Quasifree electrons participate in oscillation that is formed by the femtosecond
laser pulses and interact with other particles to produce additional free electrons and vacancies in the inner
shell leading to X-ray radiation. Many electrons in the
find enough energy to escape from the cluster and leave
behind a net positive charge. Then, the cluster expands
in response to Coulomb explosion and hydrodynamic
forces. At this time, the ponderomotive force and hydrodynamic pressure of electrons play significant roles in
accelerating the electrons.
2.3 Ionisation of clusters

∗ = k

(d/ tan α)0.85 P0
.
T 2.29

(1)

Here d is the diameter of the nozzle, α is the jet expansion half angle, T is the temperature of the gas before
expansion in kelvin, P0 is the backing pressure of the jet
in mbar, k is the condensation parameter which depends
on the species of the atom.
Research has shown that clustering begins when  ∗ ≥
300. It is possible to control the value of  ∗ to engineer a
cluster medium of arbitrary average density and cluster
size by varying T and P0 . The average number of atoms
in each cluster is estimated as

When the rising edge of the laser pulse gets to the cluster,
ionisation of the cluster begins and a small number of
quasifree electrons are generated, and this phenomenon
is called the tunnel ionisation. The rate of tunnel ionisation, WADK , found by Ammosov, Delone and Krainov
is described by the ADK formula [25]. Thereafter, a few
electrons produced by optical ionisation collide with
atoms and create another ionisation that is called collisional ionisation and its ionisation rate, Wcol , in the
nanoplasma model is calculated by the Lotz equation
[26]. The electrons in the cluster have a velocity associated with their oscillations in the laser field. This
oscillation leads to another ionisation, the rate of which
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Figure 1. Stages of the cluster dynamics.

is Wlas [27]. Then, the total ionisation rate of the laser–
cluster interaction is
W = WADK + Wcol + Wlas .

(5)

The released electrons can be recombined with ions and
thereby release energy. The rate of three-body recombination, α3 , which reduces the electron density and
increases the cluster heat is given by [28–30]
√

e10 Z 3
4π 2π
ln
1 + Z 2.
(6)
α3 =
1/2
9
m e (kTe )9/2
Here, Z is the charge state of the cluster.

The nanoplasma model provides an explanation for the
higher ion energies generated from large clusters compared to molecules and small clusters in terms of highly
efficient collisional heating (inverse Bremsstrahlung) in
the high-density nanoplasma, as is seen in solid target
laser plasmas. The above-threshold ionisation heating is
also included, but its contribution is small (<100 eV).
The collisional heating of the cluster is calculated in the
nanoplasma model when heating of a uniform dielectric
sphere occurs in the time-varying electric field of the
laser. Inside the cluster, the electric field is [28]
3
E0.
|ε + 2|

(7)

Here, E 0 is the external field and the plasma dielectric
constant is given by the Drude model
n e /n crit
,
ε =1−
1 + iν/ω

∞
∂ Te
2Q
Te dn e 2 
=
+
−
εi(Z )
∂t
3 n e n e dt
3
Z =0

× [α3 (Z + 1)n e n i (Z + 1) − S(Z )n i (Z )] .

2.4 Heating of the cluster

E=

where n e and n crit are the electron density and critical
plasma density, ω is the laser frequency and ν is the
electron–ion collision frequency that is calculated from
the Silin formulae [29]. When n e = 3n crit , |ε + 2| will
be minimum and the field inside the cluster gets larger.
At this time, the cluster heating rate is also increased,
even though the electron–ion collision frequency is actually reduced. The electron temperature equation inside
the cluster is given by [30,31]

(8)

(9)

Here, n e is the electron density, S is the collisional
ionisation rate coefficient, Q is the absorption rate for
a clustered plasma and α3 is the rate of three-body
recombination, which are effective parameters in electron temperature. After the initial ionisation, the electron
density in the cluster plasma is much larger than the critical density.
2.5 Expansion of clusters
Cluster expansion is the result of Coulomb pressure
and hydrodynamic pressure inside the cluster in the
nanoplasma model. Coulomb pressure is due to the
repulsion of ions within the clusters. The hydrodynamic
pressure is the result of the expansion of hot electrons
that is given by
Pe = n e kTe .

(10)

Here Te is the electron temperature, n e is the electron
density and k is the Boltzmann constant. To expand the
spherical cluster with uniform atoms, the principle of
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∂r
∂ Kc
=
.
(11)
∂t
∂t
Here K c is the total kinetic energy and r is the cluster
radius.
P4πr 2

2.6 Effective force (ponderomotive force)
When a beam of high-power laser radiation is used
to heat the plasma, radiation pressure becomes very
important. By ponderomotive force of the laser light
called effective force, the electrons in the plasma are
accelerated to relativistic energies. In hydrodynamic
model, plasma dynamics are driven predominantly by
the hydrodynamic pressure and the ponderomotive pressure. The enhancement of the laser intensity at the
critical density surface, initial ions density of the cluster
and shape of the laser pulse make ponderomotive forces
an important component of the plasma dynamics. The
equation of motion of electrons in the presence of an
EM wave is described by
d
v
 r , t) + 1 U × B(
 r , t)),
FL = m
= −e( E(
(12)
dt
c
 r , t), U and B(
 r , t) are the electric field,
where E(
electron velocity and magnetic field, respectively. The
electric field is given by

FN L = −

where τ is the FWHM time duration. Linearly chirped
laser field can be defined as follows:
⎧
⎫
√
2
⎨
t 2 ln 2 ⎬
E(t) = E 0 exp −(1 + ib)
,
(15)
⎩
⎭
τL
where b and τ L are the chirp parameter and pulse duration. b>0 means a positive chirp, b<0 means a negative
chirp and b = 0 means a Gaussian pulse. Laser intensity
of the chirped laser pulse is expressed as follows:


−1 
bt
t2
I (t) = I0 exp − 2 1 + 2
,
2τ
(t + τ 2 )1/2
(16)

8π ω02

 E 2 .
∇

(17)

Fe = −e Ees + FN L .

(18)

Indeed, the ponderomotive force is very important for
accelerating electrons and ions.
1

(a)

External field
Field inside
the cluster

0.8

(13)

Here, f(t) and ω0 denote the temporal profile and the
carrier frequency, respectively. A Gaussian envelope of
f(t) is given by


2 ln 2t 2
,
(14)
f(t) = exp −
τ2

ω2p

Although this force essentially enters the electrons, in
the end, it is transmitted to the ions too. The direction of
this force is along the spatial gradients of the laser field.
When electrons are classified by FN L , a field separator
( Ees ) is produced. Therefore, the total force, which is
the same ponderomotive force exerted on the electrons,
would be as follows:
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where I0 denotes the peak laser intensity of the near
transform limited pulse. By using a second-order
approximation and expansion of E around r0 , the force
exerted on an electron can be obtained as follows:

Electrical field(a.u)

conservation of energy implies that the rate of work that
the pressure applied on the sphere must be equal to the
change in the total kinetic energy of the system. Therefore, one get
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Figure 2. (a) Time evolution of the field inside the cluster and the external chirp intense laser pulse field and (b)
rates of ADK ionisation, collisional ionisation, and laser-assisted ionisation for Ar→Ar+ during the short period of field
enhancement. I = 1×1015 W cm−2 , λ = 800 nm, τ = 40 fs.
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3. Results
This paper considers the interaction of femtosecond laser pulses with argon clusters for computational results. Three laser pulse shapes: Gaussian pulse,
positively and negatively chirped laser pulses are used
for interaction in the intensities of 1014 –1017 W cm−2 .
Argon cluster radius is considered to be 15 nm and
the laser wavelength is 800 nm. The simulation of this
laser–cluster interaction is carried out by particle-in-cell
(PIC) method in one dimension. The systems of ordinary differential equations are solved numerically using
a Runge–Kutta solver in GNU Scientific Library (GSL).
The enhanced field and ionisation rates for different mechanisms are shown in figure 2. When intensity
increases, n e rises as a result of the increased tunnel ionisation rate. When n e approaches 3n crit , then the internal
field increases resulting in an increase in ionisation rate.
Figure 2a shows that at t = − 62.4 fs, the field inside the
cluster reaches its maximum value and WADK and Wlas

(a)
3.5

x 10

begin to increase leading to the increase of the collisional
ionisation rate. Figure 2b shows that after this moment,
collisional ionisation is the dominant mechanism of the
three mentioned mechanisms in the interaction. Therefore, collisional ionisation is one of the most important
mechanisms for generating electrons and increasing the
electron density in the laser–cluster interaction. The
origin of the time is selected in such a way that E ext
maximum is located at t = 0 with a FWHM of 40 fs.
The effect of laser pulse shapes on ionisation rate
and electron temperatures is shown in figures 3.
Figures 3a–3c show that by applying a negatively
chirped laser pulse, tunnel ionisation start earlier. So,
in the interaction of a negatively chirped laser pulse,
other ionisations start sooner too. The high ionisation
rate in the positively chirped pulse causes the density
of ionised electrons to increase and this is presented in
figure 5. It also appears from figure 3d that, when a
negatively chirped laser pulse interacts with an atomic
cluster, the electrons gain more energy than other states.
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Figure 3. (a) Time evolution of the tunnel ionisation at different laser pulse shapes, (b) time evolution of the laser field
ionisation at different laser pulse shapes, (c) time evolution of the collisional ionisation at different laser pulse shapes for a
cluster irradiated by a 40 fs, 800 nm and 1 × 1015 W cm−2 pulse, and (d) the variations in the maximum electron energy at
different laser pulse shapes in different laser intensities with 40 fs duration pulse and 800 nm wavelength.
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To provide more accelerated particles, the effect of
the initial ion density and the laser pulse shape as the
main effective parameters have been investigated on the
electron energy. The strong dependence of the energy
of electrons on the initial atomic density of the cluster
is shown in figure 4. Figures 4a and 4b show that, by
reducing the density of the cluster ions, electron temperature is increased. This is interpreted from eq. (9)
which says that, by reducing the electron density, electron temperature increases. Thus, one can change the
initial conditions of the rare gas within the gas jet and
alter the nozzle geometry to present the cluster with less
initial atomic density.
It is also clear that at low densities of the cluster
atoms, when the positively chirped laser pulse interacts
with the cluster, more energetic electrons are generated. But in high densities, high-energy electrons are
obtained by negatively chirped laser pulse. In addition,
by changing the shape of the laser pulse by chirping,
the electron temperature increases further. As a result,
one can obtain high-energy electrons with negatively
chirped laser pulse (see figure 4b). This optimisation
provides higher temperature which is beneficial for fast
ignition. The dependence of the generated density of
electrons on different initial ion density and different
laser pulse shapes are shown in figure 5.
Figure 5a indicates that the ionisation process starts
simultaneously for various initial ion densities.
Moreover, figures 5b and 5c show that when the laser
pulse interacts with the cluster, more electrons are
released as a result of the increase in the number of atoms
in the cluster, and consequently, more laser energy is
spent on the ionisation of more electrons in the cluster leading to less energy gain by electrons. On the
other hand, reducing the electron density with less initial ion density indicates that strong heating is dominant.
Therefore, the electron density has a crucial role at the
total temperature in the laser–cluster interaction. Furthermore, when the cluster is exposed to irradiation
with positively chirped laser pulse, maximum density
of electrons is high compared to the other pulse shapes.
Because the electron pressure depends on electron density in accordance with eq. (10), there is an improvement
for electron pressure which is evaluated by positively
chirped laser pulse.
In order to obtain an estimate of the enhancement
of the particle acceleration, the effect of laser intensity, initial ion density and the laser pulse shape
have been investigated as the main parameters affecting the hydrodynamic pressure. Time evolution of the
hydrodynamic pressure for different laser pulse shapes
at 1×1016 W cm−2 laser intensity and the changes
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Figure 4. (a) Computed maximum energy of electrons vs.
initial cluster atomic density at low densities, (b) computed
maximum energy of electrons vs. initial cluster atomic density
at high densities and (c) time evolution of electron temperature
in different pulse shapes for a cluster irradiated by a 40 fs, 800
nm, 9× 1016 W cm−2 pulse.
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Figure 5. (a) Time evolution of the electron density at different initial ion density, (b) time evolution of the electron
density in different pulse shapes for a cluster irradiated by
a 40 fs, 800 nm and 2.4 ×1017 W cm−2 pulse, and (c) the
maximum electron density vs. initial cluster atomic density.

of the maximum hydrodynamic pressure at different
initial ion density and laser intensities are shown in figure 6. Based on figure 6a, when the cluster is exposed to
irradiation with positively chirped laser pulse, electron
pressure is more than that of the Gaussian pulse and
negatively chirped pulse. It should be mentioned that
the hydrodynamic pressure of electrons play an important role in the acceleration of electrons. It is evident
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Figure 6. (a) Time evolution of the hydrodynamic pressure for a cluster irradiated by 40 fs, 800 nm and
2.4 × 1017 W cm−2 pulse, (b) maximum electron pressure
vs. initial cluster atomic density in an Ar cluster irradiated by
different laser pulse shapes and (c) the computed maximum
electron pressure vs. laser intensity.

from figure 6b that the increase in the initial ion density
causes an increase in the electron pressure. Although
the electron temperature in the laser–cluster interaction with negatively chirped laser pulse is high, the
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electron pressure is high with positively chirped pulse.
This happens because electrons will have maximum
density with positively chirped laser pulse. Therefore,
the density of electron increases more than the temperature of the electrons with positively chirped laser pulse
and hydrodynamic electron pressure with positively
chirped laser pulse will also be high in accordance with
eq. (10). In addition, it is clear from eq. (9) that different
mechanisms such as tunnelling ionisation, collisional
ionisation, field ionisation, recombination of the electrons and the inverse bremsstrahlung (IBS) absorption
rate play important roles in the electron pressure. Likewise, the electron pressure increases as a result of the
increase in the density of initial atoms in the cluster. In
the case of large clusters which are exposed to irradiation by moderate intensities, the fraction of electrons
leaving the clusters is negligible. The Coulomb pressure is, therefore, ignored and electron hydrodynamic
pressure is the single pressure inside the cluster. Figure
6c shows that increasing laser intensity causes considerable increase in the electron pressure. Hence, with this
modification the electron pressure is improved by about
22%. This can have good impact on many of the applications of laser–cluster interaction such as laser plasma
accelerators.

4. Conclusion
The response of argon cluster to femtosecond laser
pulses with intensity of 1015 –1017 W cm−2 , pulse duration of 40 fs and wavelength of 800 nm was examined.
Calculation was extended with nanoplasma model in
order to modify ionisation process, heating and expansion of a cluster by different laser pulse shapes, the
positively and negatively chirped laser pulse and Gaussian pulse. This simulation is focussed basically on the
evolution of electric field inside the cluster, ionisation
mechanisms, electron density and electron pressure. In
addition, the effects of laser intensity and initial atomic
cluster on the electron pressure and electron density
were investigated. The main achievement was the detection of laser pulse chirp effect on the electron density and
hydrodynamic pressure. It is found that electron density is considerably increased when the cluster bunch
interacts with positively chirped laser pulse, leading to
the escalation in the hydrodynamic pressure inside the
cluster. The results show that the electron pressure is
improved by about 22 percent. This plays a significant
role in accelerating the electrons resulting in the system’s energy and temperature enhancement that may
be beneficial for laser application in fast ignition and
fusion.
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