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Abstract

Background & Objectives: For over 60 years, proton beams and heavy ions have been a powerful ion therapy method
for treating cancerous tumors. It is an inherent ability of high-energy ions to discharge their energy at a certain depth
with high doses, which is impossible for other beams such as X-rays, gamma rays, and electron beams. Moreover, it is an
excellent way to protect healthy tissues in ion therapy.

Materials & Methods: Scientists have used radio frequency (RF) accelerators to generate high-energy ions. However,
due to the high price and large devices, laser-plasma accelerators have received much attention. This paper has studied the
best conditions for producing high-energy argon ions. For this purpose, the interaction of high-intensity laser pulses with
argon nanoclusters is simulated. This simulation is based on the nanoplasma model by the particle in cell method (PIC).
Results: The simulation results show that the ion energy is dependent on the parameters of the irradiated laser and the
parameters of the target cluster.

Conclusions: The energy of the ions increases with the intensity of the laser and the duration of the laser pulse. Access to
higher energy ions is also possible by changing the radius of the cluster. The density of the initial atoms of the cluster is
also an important parameter that influences the energy of ions.
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Introduction

Approximately 4% of the world’s population
is diagnosed with cancer each year, and more
than half of these patients receive radiation
therapy. Radiation therapy with surgery is the
most ordinary and best kind of cancer treatment.
Although radiotherapy is mainly performed

using photons, proton therapy has been
considered because of its ability to irradiate high
doses on tumors and focus on a smaller area.
With protons (and other ions), healthy tissue
is less damaged during radiation than when
photons or electrons are used. Nevertheless, due
to high prices and limited availability, patient
access to treatment of heavy protons and ions (C
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) is limited. Ionized hadrons was first used in
1932 to treat cancer. In 1946, Bob Wilson made
the first proposal in this field (1). In 1954, the
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first patients were treated. As of 2012, there were
39 particle therapy centers in the world, more
than half of which are in the United States and
Japan (2). Approximately 100,000 patients have
been treated with hadrons (protons and carbon
ions). Higher energy protons are needed to
treat deeper tumors. Nevertheless, radiotherapy
using accelerator-based hadron beams is well
established. A number of good researches in this
field are given in the sources (3-14). It shows
how effective Hadron therapy is in treating cancer.
Initially, accelerators were dedicated to research
in nuclear physics. Ionic radiation was soon
used in other fields such as materials analysis,
materials science, geology, and biology. Therefore,

accelerators were used in hospitals and industry.
Most of these accelerators use low and medium
energies. Radioactive isotopes produced by
accelerators are used in medical imaging and
therapeutic applications. For example, ''C, N,
150, and "F are used for PET imaging, and '*Pd
is used to treat tumors. In this case, they are
located near the tumor. Ionic radiation therapy
is very important because healthy tissues
near the tumor are at serious risk. One of the
advantages of ion beams is that they disappear
entirely in the area away from the Bragg
peak and have only a slight deviation from
the peak. Chart 1 shows the relative radiation
dose for treatment in terms of tissue depth (2).

Chart 1. The relative radiation dose deposited as a function of tissue depth for various particle and photon beams (2)

It is observed that X-rays, which are commonly
used, reduce the radiation dose by penetrating the
tissue. The same thing happens with other photon
beams. However, the maximum release of proton
energy occurs at a deeper distance in the tissue,
which can coincide with the depth of the tumor
by selecting the appropriate energy for the proton.
In this method, healthy tissue located upstream
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in the last few decades, outstanding progress
has been made in high-power laser technology,
with laser powers reaching the petawatt (PW)
level. With adequate focusing, petawatt lasers
can generate peak electric fields of order 10"
V/cm with relatively efficient conversion to
relativistic electrons with energies over 1 GeV.
These electrons can create beams of protons,
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heavy ions, neutrons, and high-energy photons.
Given the potential for energetic laser-driven
particles, we can now consider experiments in
laser laboratories that are normally associated
with conventional nuclear accelerators and
reactors.

Recently, many researchers have studied the
interaction between femtosecond lasers with
clusters, both theoretically and experimentally
(15-17). Clusters effectively absorb the energy of
laser pulses. The absorbed energy yields cluster
explosions to create high-energy particles, ions
and electrons, and soft X-rays (18). Numerous
theoretical models have been proposed to
justify the experimental results (19-22). The
nanoplasma model is one of these models.
Many phenomena, such as the process of cluster
expansion, and the production of energetic ions
and electrons, can be described with this model.
This model considers a high-density plasma ball
with a uniform density and temperature (23).
Many scientists have studied the interaction
of femtosecond lasers with atomic clusters to
produce energetic particles.

Researchers have done different work to
investigate the emission of ions in the interaction
of lasers with clusters. Zhong et al. studied the
energy of Ar ions emitted from Ar clusters
irradiated by intense femtosecond laser pulses.
Therefore, laser-cluster interaction as a relatively
small and low-cost system for the production of
high-energy ions has been introduced.

Zamith et al. experimentally investigated
the optimization of charged ion production
due to the interaction of an intense laser field
with xenon clusters (24). By studying the
energy of ions obtained from the explosion of
clusters irradiated by intense femtosecond laser
pulses and experimental measurements, they
discovered that the consequences were in good
agreement with the heating mechanisms of the
nanoplasma model (25). Because the production
of high-energy ions is important in medicine and
industry, in this work, we study the production of
high-energy ions in laser-cluster interaction and
discuss in detail the dependence of ion energy
on effective parameters.
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Materials & Methods

This work’s main aim is to simulate the
interaction of high-intensity femtosecond laser
pulses with argon gas nanoclusters to obtain
high-energy ions. The simulation code based on
the particle in cell method has been modified for
our aim. The main used code is written in C** and
solves the differential equations using a fourth-
order Runge—Kutta method. After successfully
running the code, the charts are plotted using
Matlab. In this way, first, the Egs. (2) and (3) are
solved using initial values, and then the electron
density and temperature are calculated for use in
obtaining the results.

The electric field in the cluster increases
after irradiating a high-intensity laser pulse. The
relationship between the laser field (E)) and the
electric field inside the cluster (E ) is as follows

_ 3,

€ e+2| M

E, is the amplitude of the laser field in vacuum
and ¢=1-- (‘w”iv) is the plasma dielectric constant
using Drude model, , = J?m the plasma electron
frequency, e, me are the electron charge and
electron mass respectively, and v is electron-ion
collision frequency. In Eq. (1), When ne=3nai, |e +2]
has minimum value, and the inner field inside
the cluster becomes greater than the laser field
which is called resonance point.

With variation in the field inside the cluster,
according to the nanoplasma model, three
processes of ionization, heating, and expansion
of the cluster occur, respectively. The ionization
mechanism in nanoplasma model starts with
field ionization and continues with collisional
ionization. The cluster is first ionized by laser
field, which is expressed in the model with ADK
tunnel ionization rate and produces a small
number of electrons, and the interaction of the
produced electrons with other particles creates
collision ionization which is very important.
Heating is the second process that occurs in the
nanoplasma model. The laser transfers its energy
to the cluster through reverse bremsstrahlung
absorption (26). In this case, a fraction of
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electrons finds enough energy to escape the cluster,
and positive ions are created inside the cluster.

Finally, the cluster expands in response to
coulomb pressure and hydrodynamic forces.
Coulomb pressure results from of the repulsive
ions that occur in clusters. The hydrodynamic
pressure created by the expansion of hot electrons
is the second factor for cluster expansion. The
important equations related to the processes
mentioned in the nanoplasma model are
presented below.

a. The time evolution of the ion density ni
and electron temperature T, (26):

B W (Z) + ay(@n2In(Z) + W(Z — Dny(Z — 1) + aa(Z + DnZny(Z + 1)

dt
(2)

=28 Tl l¥y ia(@lan(Z + Dngny(Z +1) - SDny(2)]

dt 3ne neg dt

(3)

where the relation between the electron density
and ion density is given by n, = %2, Zn;(z).
In Eq. 2, the coefficients W and a3 describe,
respectively the total ionization rate from
a charge state Z to a charge state Z + 1, and
the three-body recombination rate. S is the
collisional ionization coefficient which will be
discussed in the partial review of Lotz formula
(27).

b. The inverse bremsstrahlung (IBS)
absorption rate for a clustered plasma is given
by (26):

e E— (4

Here, (w) is the collision frequency, and E is
the intensity of the laser.

¢. The hydrodynamic pressure due to the
expansion of hot electrons is given by (28):

P, = nykyT, (5)
the coulomb pressure is given by (28):

2,2
oG8
Peow = Py (6)
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where q is the built-up charge on the cluster
due to electron escape. It is noticed that coulomb
pressure is important only for very small cluster
and its role in our calculation will be ignored.

d. during the laser interaction with cluster,
the energy of the laser first is absorbed by the
electrons and then this energy is transformed to
the kinetic energy of the cluster ions. With this
assumption that the velocity of the radial motion
of the ions is the linear function of radius of the
cluster, the mean kinetic energy of the ions can
be written by (29):

= 3 dr
E = 2m; () = 03m;v} (7)

where m=40m_(mp is the mass of a proton) is
the mass of Ar ions and v, is the cluster expansion
velocity.

Results

In this interaction, we considered the radius
of the argon cluster to be 15nm and the density
of its initial atoms to be n_=2.63x10*cm>. We
used a laser with an intensity of 5x10' Wem™
to 1x10'""Wcem?, a wavelength of 825nm, and
FWHM=40 fs.

The problem of high temperatures and
energetic particles in the laser cluster interaction
is of fundamental importance in many
applications. So, access to high-energy ions
seems to be essential in these interactions. In the
present study, we tried to obtain higher energy
ions by changing the interaction conditions,
and this capability can lead to significant
development in medical science and industry.
To this end, we investigated the role of laser
intensity, laser pulse duration, the initial radius
of the cluster, and the density of the initial atoms
of the cluster in the ion energy resulting from
the interaction.

Also, to investigate the physics of the
problem and find the reasons for the changes
in the important interaction parameters, we
first simulated the time evolution diagram of
the applied laser electric field and the internal
field of the cluster, which is shown in chart 2.
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Chart 2. The laser’s electric field with 40fs pulse duration, 825 nm wavelength, and with intensity 1x10'> Wem™ (dashed)
and electric field inside the cluster in laser interaction(solid)

It is necessary to pay attention to the fact that
the time origin in the time diagrams is selected
so that the maximum external field corresponds
to t = 0. Chart 2 shows that the laser field is
Gaussian with a maximum value at t = 0fs and
starts to increase from t = -110fs and tends
to zero at almost 110fs.This field leads to the

production of an internal field inside the cluster.

The internal field of the cluster at the moment
t = -331s has the second maximum, which will
play an important role in subsequent processes,

particularly the beginning of the ion energy
increase. The cluster’s internal field starts
to increase simultaneously as the laser field
increases and reaches a maximum at t = -50fs.
It is clear from the Chart that the internal field at t
= -50fs is larger than the external field. Increasing
the energy of the electrons and their escape from
inside the cluster causes a rapid decrease in the
internal field of the cluster.

For further investigation, we have shown
the time evolution of electron energy in chart 3.

Chart 3. Time evolution of the electron energy during laser cluster interaction with 40fs pulse duration, 825 nm wavelength,
and intensity 1x10" Wem™?
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To study the energy of ions and explain the
time evolution of ion energy, we first obtained
the time evolution of electron energy in the
interaction of a laser with an intensity of 1x 10"
Wem? with an argon cluster, shown in chart 3.
It is clear from chart 2 that at the moment t =
-50fs, at the same time, as the internal field of
the cluster increases, the energy of the electrons
begins to increase, and this increase continues
until the internal field does not reach zero. After

the internal field disappears, the energy of the
electrons begins to decrease. This process is
similarly imaginable for subsequent pulses.
Because the principal purpose of this study
is to obtain the energy of ions and to obtain
the optimal conditions for the production
of energetic ions, for this purpose, we have
calculated the time evolution of ion energy at
four different intensities for laser interaction
with argon clusters shown in chart 4.

Chart 4. Time evolution of the ion energy during laser cluster interaction with 40fs pulse duration laser, 825 nm wavelength
for four different laser intensity values

A closer look at chart 4 reveals that the
ions’ energy increases dramatically as the laser
intensity increases. Further details of chart 4
for the initial moments of ions energy increase
show that, for example, for the intensity of 1
x 10"Wcem2, the energy of the ions starts to
increase from t = -33fs. Examining the simulation
results, it is clear that the second maximum in
the internal field of the cluster coincides with
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the beginning of the increase in the energy of
the ions.

Another influential parameter that
researchers have studied in previous papers
for electron energy is the laser’s pulse
duration. Therefore, to investigate the effect
of this parameter on ion energy, we have
simulated the time evolution of ion energy
for different pulse durations, shown in chart 5.
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Chart S. Time evolution of the ion energy during laser cluster interaction with 40fs pulse duration laser, 825 nm wavelength,
and intensity 1x10" Wem? for five different pulse durations

Further investigation reveals that the energy
of the ions resulting from the interaction depends
on the laser’s pulse duration, and increasing the
pulse duration leads to an increase in the energy
of the ions. In previous articles, the temperature
dependence of electrons on laser pulse duration
has been reported. Therefore, it can be said that

as the energy of the electrons leaving the cluster
increases, the energy of the ions also increases
subsequently.

To investigate other interaction parameters
in increasing ion energy, we simulated the time
evolution of ion energy in the laser interaction with
argon clusters in different radii, as shown in chart 6.

Chart 6. Time evolution of the ion energy during laser cluster interaction with 40fs pulse duration laser, 825 nm wavelength,
and intensity 1x10' Wem? for five different radii of the cluster

It is clear from chart 6 that by reducing the
cluster radius at a constant initial atoms density,
the ion energy increases, so the cluster radius
is introduced as a parameter affecting the ion
energy under this type of interaction. When
the density of the initial atoms is constant and
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the radius of the cluster increases, more atoms
are exposed to laser radiation. Therefore, most
of the laser energy is spent on ionization, and
the energy of electrons leaving the cluster is
reduced; consequently, the energy of the ions
also decreases.
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Chart 7. Maximum energy of the ions in terms of the radius of the cluster in the laser-argon cluster interaction with 150fs
pulse duration and 780 nm wavelength

To further investigate ion energy’s
dependence on the cluster’s radius in chart 7,
the maximum ion energy in terms of the radius
with the different pulse duration is plotted. As
seen from this chart, the energy of ions decreases
with increasing radius. The remarkable point in
this chart is that as the radius decreases and the
pulse duration increases, the ion energy increases
significantly (up to 900 KeV).

The density of the initial atoms of the cluster

is also one of the effective parameters in the
laser-cluster interaction. To investigate its role
in ion energy, we obtained the time evolution
of ion energy for three different initial atom
densities, as shown in chart 8. The increasing
density of initial atoms of the cluster causes most
of the laser energy to be spent on ionization. As
the density of the initial atoms increases, the
density of electrons and ions increases, but the
ions’ energy decreases, as shown in chart 8.

Chart 8. Time evolution of the ion energy during laser cluster interaction with 40fs pulse duration laser, 825 nm wavelength,
and intensity 1x10"* Wem? for three different initial densities of atoms
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Discussion

Since ion therapy is one of the appropriate
methods for treating cancerous tumors and
treating tumors at a deeper distance in the body
tissues requires the production of high-energy
ions. In this paper investigates the interaction
of high-intensity femtosecond laser pulses with
atomic clusters of argon gas to obtain high-energy
ions. By considering the changes in the electric
field inside the cluster after interacting with the
laser, it becomes easier to analyze the behavior
of the produced particles. The occurrence of two
maxima in the inner field of the cluster plays
an essential role in the acceleration of electrons
and ions. When the internal field of the cluster
reaches the first maximum, the energy of the
electrons increases sharply, which causes them
to leave the cluster. When the internal field of the
cluster reaches the second maximum, the energy
of the ions begins to increase. The simulation
results showed that increasing the laser intensity
causes a significant increase in ion energy. The
laser pulse duration was another parameter that
increased the energy of the ions. When the density
of the initial atoms of the cluster is constant, the
energy of the ions increases as the initial radius
of the cluster decreases. The density of the
initial atoms of the cluster is another influential
parameter that, with proper selection, ions with
higher energy can be obtained. Therefore, we
conclude that without increasing the intensity of
the laser, other effective parameters can increase
the energy of the ions. Since the increase in
ion energy co-occurs with the increase in the
cluster radius and the decrease in the cluster
ion density, confirming the nanoplasma model
and the simulation results. In addition to the
benefits presented for this study, the choice of
the cluster as a target in laser interaction is one of
the important advantages compared to the results
of other researchers. Because in the interaction
of lasers with solids, higher laser intensities are
required to accelerate ions. But, ions can be
accelerated at low intensities in the interaction of
lasers with atomic clusters. Also, the absorption
of laser energy in the clusters is larger than in
the gas and solid targets, so it can be said that
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the clusters have the advantage of the solid and
gas phases.

In the laser-cluster interaction to produce
energetic electrons and ions, if the laser intensity
is greater than 1x10'® Wcem™2, relativistic
equations must be used to study the dynamics
of electrons and ions (30-33). However, if laser
intensity is less than that, for example, in the
range 1x10" Wem? to 5x10'7 Wem?2, the
classical equations must be used to study the
dynamics of electrons and ions. In recent years,
some researchers have investigated laser-cluster
interactions for laser intensities higher than
1x10" Wem, which has led to the production
of ions with energies of 2MeV to 90MeV.
Smith (34), Fukuda (35), and Tajima (36) were
researchers who, from 2009 to 2020, were able
to produce ions with an energy of 90MeV by
radiant 5x<10' Wcmlasers. Nevertheless, some
scientists have tried to produce high-energy ions
using low-intensity lasers, the classical region.
Taguchi (37), Kumarappan (38), Krishnamurthy
(39), and zhu (29) produced ions with energies
of 10KeV to 100KeV using radiate lasers with
intensities of 1x10" Wem™ to 1x10'® Wem™.
In this study, considering all conditions, we
obtained ions with energy of about 900Kev in
the classical range (intensities of 1x10'> Wem™
to 1x10' Wem™. It can be seen that the energy
of the ions, in this case, increased nine times
compared to the previous works (See chart 7).

Conclusion

The results showed that the energy of the ions
obtained from the interaction of femtosecond
lasers with Argon clusters is dependent on
the parameters of the irradiated laser and the
parameters of the target cluster. As the intensity
of the laser and duration of the laser pulse
increase, the energy of the ions increases. Also,
the cluster’s radius and density of the cluster’s
primary atoms are important parameters that
affect the energy of the ions. Based on the
obtained results, it seems that using high-power
lasers; desktop accelerators can be made that
take up little space and also have a low price.
Achieving this will allow ion therapy technology
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to treat cancerous tumors in most hospitals.
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