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The particle-in-cell plasma simulation program in two dimensions was
developed to display the properties of silver plasma under the effect of
Ruby laser 694.3 nm with different intensities; 1012Wcm-2, 1015 Wcm-2,
1018 Wcm-2, and 1020 Wcm-2. The time evolution and the properties of
total energy, kinetic energy, and drift energy of the system were examined
in the region near the critical density (ne=0.2ncr). The charged particles
respond to the laser pulse after a specified period of interaction time in the
form of an increase in the energy of the system. This response depends on
the intensity of the laser pulse used in this work. A significant increase was
observed in plasma energy due to the efficient transfer of laser energy to
plasma particles by the Inverse Bremsstrahlung process. The effectiveness
of this process is reduced when the laser intensity is increased. This result
is shown especially when using 1020 Wcm-2 laser intensity. The results
indicated that the plotting of the electron velocity distributions during
different time steps of interaction is Maxwellian and it was observed that
the curves have a strong energy tail that indicates energy transfers and
heating to the plasma.
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1. INTRODUCTION
Plasma simulation is an important tool used by physicists and engineers to improve the ability to
understanding any complex physical phenomenon and then make it simple and explanation is
possible, especially after the great development in the software and computer systems in different
conditions [1]. The great advances in computer systems and programming make numerical
simulations play a major role in solving many physics problems and studying some important
applications. The interaction of high energy lasers with plasma leads to different kinds of important
applications; plasma heating [2, 3], including high-harmonic generation [4-6], soft x-ray lasers [7, 8],
and laser-driven particle accelerators [9-12]. Through the past 30 years, researchers have a great deal
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of theoretical and computational work on the interaction and propagation of short-pulse laser through
the plasmas [13-16]. From a physical point of view, the inverse bremsstrahlung process dominates
the absorption of plasma particles to the laser energy [17, 18]. The interactions of high power lasers
with plasma have opened an important area for many applications that have stimulated scientists to
understand the nature of these interactions. The physical mechanisms of electron accelerations
depend on the properties of laser pulse; intensity, pulse duration, wavelength, beam quality and,
plasma together; temperature, electron density measurements, ionization, and plasma formation
processes [19]. Specific methods are available to exchange the energy of the laser to the plasma
among them are collisional absorption (or inverse bremsstrahlung), resonance absorption, and
vacuum heating [20-23]. Intensities, I < 1015Wcm-2, the collisional absorption mechanism is usually
happening via direct collisions, where plasma particles such as electrons, ions, or neutrals collide
directly with each other and consequently the energy can be transferred which leads to the plasma
heating. Resonance absorption and vacuum heating is strongly promoted at higher intensities near
the critical density [24]. The study of plasma properties by numerical methods gives a comprehensive
form of plasma formation and evolution over time iteration. Different numerical methods are used to
describe the form of the physical system of the plasma which is a kinetic approach or a fluid
approach [21]. The first involves following the movement of individual particles, which requires
solving the motion equations to determine the locations and velocities of the particles, and the
simulation particles jump to new positions according to the forces acting on them. In the fluid
approach, the collective behavior of particles is used and the plasma is studied using the equations of
continuity and momentum that describe particle density and velocities as a collection. In this project,
the plasma is treated as an ensemble of computational particle that represents thousands of real
particles electrons or ions and it behaves the same as real plasma particles and in it their charge to
mass ratio is the same. The computational particle has a finite size in which the charge of a particle is
distributed over a finite area as shown in figure 1, these particles pass freely through each other
without any change in its shape or the internal motion. The finite-size particle reduces numerical
noise from the discrete of the spatial grid, therefore, the importance of this technique is that it is
inexpensive and faster computationally [25].

Figure 1: Schematic of computational mesh, distributed charge of the particle among the
surrounding grid points

The full description of the plasma through a numerical program have a sequence of operations
which are repeated at each time step as shown in figure 2 as follows[26,27]:
1-Assign charge particle to the grid points by linear weighing.
2-Solve Poisson’s equation on the grid points.
3-Compute forces from the grid values and interpolates forces at particle positions.
At each time step, the equations of motion for the electrons are solved by iteration and the electric
field is found from a solution of Poisson's equation. The ions are a uniform neutralizing background
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Figure 2: Time evolution of plasma by PIC model

2. NUMERICAL TECHNIQUE
Numerical simulation has become a very important tool for examining the properties of plasma,
especially in the laser-produced plasma, because the mathematical equations that describe the system
are often difficult to solve by analytical methods. These systems are described by several techniques,
including the particle-mesh method [28]. Currently, for this project, we developed a two-dimensional
particle-in-cell code by using finite-difference mesh techniques. The simulation program was written
by Fortran Language 99, where the best option for solving the kinetic equations of plasma that
correspond to the evolution of computers at present is "particle simulation”. The program begins with
some initial conditions of the system involves several thousand charged particles moves in both self –
consistent and electromagnetic fields. In this paper, the system contains 20000 charged particles
considering that the velocity distribution is a Maxwellian distribution where the computational
particles moving through a spatial grid within self-consistent fields and applied external
electromagnetic field. The space and time under consideration are treated as discrete rather than
continuous [29].
The particle positions are used to explore the charge densities on mesh points using the area
weighting method. The electric field is obtained at the same mesh points of the grid from Poisson’s
equation, which is solved by a fast Fourier transform (FFT) method. We divided the phase space into
a number of cells 64at x and y- directions, where the lengths are equal (dx=dy). On the other hand,
the total time of the simulation program decomposes to numbers of small-time step (dt), so that the
total time is n×dt. We consider that the temporal evolution of the plasma system energy that contains
20000 particles is confined within the computational box until the end of iterations. In this paper, the
simulation box has 64×64 grid points. In this technique, we consider uniform, periodic, and onespecies plasma (electrons), and the ions are treated as a fixed neutralizing background. We assume
that the ions are a uniform neutralizing background. The main feature of the particle simulation is
that they act like point particles in large distances where the influence of Coulomb's power appears,
while the behavior of these particles varies when the distance between them decreases to get overlap
and the force begins weaker than the corresponding Coulomb force[28].
3. RESULTS AND DISCUSSION
This paper explores the effects of laser energy intensity on the plasma system at region ne=0.2ncr
and the ratio between laser frequency wo and electron plasma frequency wo/wpe is 2.24. The time
evolution of the kinetic energy, drift energy and the total energy of the particles are examined.
Figure (3) shows the temporal evolution of the kinetic energy of particles in the case of
1012 Wcm-2. The results showed that the process of energy exchange between laser and plasma can be
observed as a result of the increase in kinetic energy after 200-time steps from the beginning of the
interaction. The figure shows that the energy transfer process is efficient between 200 ‹ w pe×dt ‹
1250. This means that the electrons during this part of the time period are accelerated to high energy
via collisional absorption process which plays an essential role in transferring the laser energy to the
plasma.
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Figure 3: Time evolution of the kinetic energy at
ne=0.2ncr, z=47, wo=2.24wpe,694.3nm,

In this situation, laser energy is transferred to the plasma particles by columbic interactions, generally
in electron-ion collisions. The study of variation of plasma kinetic energy during the time duration of
interaction gives us important information about the absorption behavior. The transfer of energy to
the plasma particles by collisional absorption is very effective up to 1250 time steps, after that time
energy transfer is reduced, and the collisional absorption efficiency decreases and the appearance of a
saturation state. The saturation state takes place after 52% of the simulation time. Figures 4-6,
provide the temporal development of the kinetic energy of the plasma when the laser pulse intensity
increases (1015, 1018, 1020W/cm-2) and by using the same conditions for plasma and laser. The results
showed that the curve of kinetic energy with time when increasing the intensity of the laser pulse
takes similar behavior in the previous case where the kinetic energy increases with time until the
saturation state.
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Figure 5: Time evolution of the kinetic
energy at ne=0.2ncr,z=47, w0=2.24wpe
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Figure 4: Time evolution of the kinetic energy
at ne=0.2ncr,z=47,,w0=2.24wpe,694.3nm,1015
Wcm-2
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Figure 6: Time evolution of the kinetic energy at ne=0.2ncr,z=47,
694.3nm, wo=2.24wpe, 1020Wcm-2
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For high power intensity 1020 Wcm-2 the saturation state takes place after 37% of simulation time
(as seen in Figure.6). The Saturation state of the laser absorption is due to the total reflection of the
laser light from the hot plasma [30]. Table 1 lists the maximum plasma kinetic energy values and the
laser energy density used in the measurement taken from the above figures.
TABLE I: Laser power density and Max. kinetic energy
Power density (w/cm2)

Max. kinetic energy / keo

12

10
1015
10 18
10 20

40
37
27
20

drift energy \ keo

In Figure 7 the plot of the time history of the drift energy was examined. These runs used 20000
simulation particles, 64×64 cells, and 1020 Wcm-2. The figure produces unstable random movement
and unstable drift speeds. Drift values are increasing slightly after 250-300 time steps and reach to
the saturation state after 750 - time steps.
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Figure 7: Time evolution of the drift energy at ne=0.2ncr, z=47,
wo=2.24wpe , 694.3 nm,1020 wcm-2

Figure 8 demonstrates the growth of kinetic energy of the plasma over 2000 time steps under the
influence of different values of laser density. For 1012Wcm-2 and 1015 Wcm-2 the kinetic energy
begins to increase linearly after 250-time steps until the saturation state after 1250- time steps. In this
case, reaching saturation state took 62.5% of the total iteration time. For 10 18 Wcm-2, the general
behavior is similar but the maximum kinetic energy values decreased and the saturation process
appears after 850- time steps (42.5% from the total iteration time). It can be seen that by using higher
power intensity (1020 Wcm-2), the Electrons are accelerated rapidly and the maximum electron kinetic
energy get to saturation within a short period of time up to20% of the iteration time.
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Figure 8: Time evolution of the kinetic energy at different
power densities , ne= 0.2 ncr,wo=2.24wpe

Figure 9 shows the time history of the total energy, kinetic energy, and drift energy. These run
used 1020 Wcm-2 of laser intensity, ne=0.2ncr and wo=2.24wpe.The results showed that the kinetic
energy and drift energy form 92% and 12%% of the total energy respectively.
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Figure 9: Time evolutiom of total ,kinetic and drift energy
(ne=0.2ncr , wo=2.24wpe, , Io =1020Wcm-2

4. CONCLUSION
The main idea of this paper is to study plasma energies relative to laser intensities at a region near
the critical density (ne=0.2ncr. The effect of laser intensity on the absorption rate has been
investigated.
The temporal evolution of the kinetic energy, thermal energy, and the total energy of the particles
using the PIC method was examined with wo=2.24wpe. In this study, Inverse Bremsstrahlung
(collisional absorption) is a dominant process that can be defined as the absorption of
electromagnetic radiation by an electron making Coulomb collisions with ions, which increases the
kinetic energy of the electron and hence its temperature. By increasing the laser intensity, we
experience a decrease in the maximum of total energy, kinetic energy; drift energy. In the case of
increased laser intensity, the plasma absorption of laser energy will be reduced due to a decrease in
the importance of collisions resulting from collisional absorption.
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