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Abstract. The new laser with a peak power of 1 PW from the CETAL facility,
I.N.F.L.P.R., Romania, in the interaction with gaseous or solid targets can accelerate the
electrons or protons at kinetic energies of GeV and, respectively tens of MeV. Prospec-
tive, we do particle-in-cell simulations to investigate the optimal parameters of both
ultrashort laser pulse and target. We obtain for a Helium gas target that the electrons
can be accelerated at the energies of 940 MeV, and for a cone and a high dense gas
targets the protons can be accelerated at the energies of 70 MeV.

Key words: ultra-high power laser, laser-plasma acceleration of electrons and
ions, Particle-in-Cell simulations.

1. INTRODUCTION

Laser plasma accelerators have seen an unprecedent development in the last
decade attaining particle energies which once seemed a dream. This was possible by
the continuous developments of the laser technology, particulary in obtaining ever
shorter laser pulses with increased energy, by the refinement of the experimental
methods for taking advantage of the enormous electric fields of the laser pulses and
also due to seminal work by Tajima and Dawson who proposed the use of plasma
waves as accelerating structures for charged particles [1]. Since then electron beams
with record energies of above 1 GeV have been measured in capillary discharges [2],
or in specially designed gas cells [3, 4] and proton and ion energies of the order of 100
MeV [5]. An important role in understanding the acceleration mechanism is played
by the Particle-in-Cell (PIC) simulations of the laser-target interaction. In fact, the
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laser-wakefield acceleration of electrons with monoenergetic energies in the plasma
created by a high power laser known as the bubble regime has been first discovered
numerically [6] and then validated experimentally. The protons can be accelerated at
energies in the range of tens of MeV from foil and cone targets which interact with
the ultra-high power and ultra-short laser pulse [7–10].

The newly built CETAL center comprises as the main facility a state-of-the art
1 Petawatt laser system. Built on Ti-Sapphire technology the laser can deliver pulses
of 25 J with a duration of 25 fs per pulse at a repetition rate of 0.1 Hz per pulse and
wavelength λ = 800 nm. In the low power mode the laser can operate at an increased
repetition rate of 10 Hz delivering 45 TW per pulse. Two off-axis parabolic mirrors
are used for focusing the beam, one with 320 cm focal length and the second with
40 cm, depending on application. While the first one will be used for laser-wakefield
acceleration of electrons in a gaseous target the second mirror will be employed for
producing protons and ion beams from solid targets.

Concerning acceleration of electrons two types of experiments are planned at
CETAL. In order to simulate the radiation belt around the planet Jupiter electron
energies up to 100 MeV and with an exponential energy decay in the electron bunch
will be produced using a fast gas valve. Acceleration of electrons in a controlled gas
pressure of a few torrs will be realized using a dedicated gas cell with variable length.
In this respect simulating the experimental conditions is of high interest in order to
identify the operating acceleration regimes.

Both experiments and particle-in-cell simulations (PIC) have proven that the
use of cones as the targets with which the ultra-high and ultra-short laser pulse inter-
acts goes to the increase of the efficiency to generate proton beams with high kinetic
energy [10–12].

In order to prepare experiments on CETAL in which electrons and protons
(ions) are accelerated we do PIC simulations for different type of targets, gaseous or
solid and different intensities of the ultra-short laser pulses. All the simulations are
new, because they are done for the laser parameters, which was not considered in any
previous work.

In Section 2 we describe the PIC simulation method and the specific PIC code
used, PICLS. The results of the PIC simulations are presented in the Section 3 which
has two subsections. The laser wakefield acceleration of the electrons in the bub-
ble regime is obtained in Section 3.1. The proton acceleration in the interaction of
the ultra-high intensity laser with solid targets is described in the Section 3.2. We
conclude with some remarks and future expectations in Section 4.
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2. THEORY

Particle-in-cell simulations model laser-plasma interaction by solving the plasma
particles movement and Maxwell’s equations when the space occupied by the plasma
is partitioned by a mathematical grid. In any program which does PIC simulations at
each time step the fields are solved and then the particles are moved. From PIC simu-
lations we can find the velocity of the plasma particles in space, the particle densities,
the electric and magnetic fields and the currents of the particles. We used the 2D ver-
sion of PICLS [13], which is a 3D relativistic Particle-in-Cell code. The simulations
were done on the BlueGene supercomputer from the West University of Timisoara
and on the server from CELIA, Bordeaux, France. We chose in all simulations a high
intensity laser pulse with the wavelength λ0 = 800 nm, the period τ0 = 2.66 fs, the
duration τ = 25 fs, and the peak energy 25 J, which corresponds to the ultrahigh laser
pulses of the CETAL laser and 1 PW output of ELI-NP HPLS (High Power Laser
System). We have worked with a Gaussian laser pulse and linear p-polarized, i.e., Ey

6= 0 and Ez = 0. The laser pulse comes always from the left side of the target and
we have a vacuum before the plasma. The plasma (electron) density ne was chosen
higher than the critical density nc (overdense plasma) or less than the critical density
(underdense plasma). Critical density of the plasma means the density of the plasma
for which the plasma frequency is equal with the laser frequency.

3. RESULTS

3.1. ELECTRON ACCELERATION IN THE BUBBLE REGIME

We studied the laser wakefield acceleration of the electrons in the bubble regime
at the interaction of the ultra-high power laser pulse with a Helium gas with the den-
sity 0.05 nc and the intensity of the laser pulse 1022 W/cm2. The short Helium gas
jet can already be produced [14]. The Helium gas target has the thickness of 111 µm.
The simulation time is 2 ps. The grid step-size in the x direction and in y direction
is 80 nm. The time step of the simulation is 0.26 fs. In a grid cell we considered 21
macroparticles. The electron density in space is drawn in Figure 1.

The most energetic electrons and the highest density is obtained in the direction
of laser propagation, in the center of so called bubble, as a bunch of electrons. The
highest kinetic energy achieved by the electrons is 940 MeV as can be seen in Figure
2. The maximum electron energy in the simulation box starts to decrease when the
most energetic electrons exit through the right boundary.

3.2. PROTON ACCELERATION

The interaction of an ultra-short laser pulse with a solid target leads to the
protons acceleration by the hot electrons (or Target Normal Sheath Acceleration,
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Fig. 1 – The electron density for the interaction of the ultra-high power laser pulse with a Helium gas
target with the thickness of 111 µm after 665 fs. The x and y axis are in laser wavelengths, λ0. The

proton density from the right side of the figure is in critical densities (a value of 0.54 for density
corresponds at 0.1 nc).

Fig. 2 – The maximum electron kinetic energy for the interaction of the ultra-high power laser pulse
with a Helium gas target.
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Fig. 3 – The proton density for the interaction of the ultra-high power laser pulse with a foil target with
the thickness of 0.2 µm after 1.5 ps. The x and y axis are in laser wavelengths, λ0. The proton density
from the right side of the figure is in critical densities (a value of 0.135 for density corresponds at 300

nc).

Fig. 4 – The maximum proton kinetic energy for the interaction of the ultra-high power laser pulse
with a with a foil target with the thickness of 0.2 µm.

TNSA). We do two dimensional PIC simulations for a foil target with the thickness
of 0.2 µm, a ultra-high laser pulse with the intensity of 1021 W/cm2 and a time
simulation of 4 ps. The grid step-size in both directions, x and y is 12 nm, with 21
macroparticles per cell and the time step is 0.04 fs. In this case the proton density is
shown in Figure 3.

We obtained the highest kinetic energy of the protons to be 14 MeV (Figure
4). We simulated also the interaction of the same ultra-high power laser pulse with
a flat-top cone targets with curved walls. We considered a cone with the hight of 50
µm and the the inner neck of 5 µm. The flat-top of the cone has a height of 24 µm
and a thickness of 4 µm. The plasma density, grid step-size, the macroparticles per
cell and the time step are same as in the previous case of the foil target. The proton
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Fig. 5 – The proton density for the interaction of the ultra-high power laser pulse with a flat-top cone
target after 1 ps. The x and y axis are in laser wavelengths, λ0. The proton density from the right side

of the figure is in critical densities (a value of 0.16 for density corresponds at 300 nc).

Fig. 6 – The maximum proton kinetic energy for the interaction of the ultra-high power laser pulse
with a flat-top cone target with the thickness of the flat-top µm.

density after 1 ps from the begining of the simulation is plotted in Figure 5.
The highest kinetic energy achieved by the protons is 70 MeV as can be seen

in Figure 6.
We can see from figures 4 and 6 that the energy transfer from electrons to pro-

tons occurs on longer timescale in the case of the cone. We also computed laser
absorption for the foil and cone targets. In the case of the cone target the laser ab-
sorption is 10%, but for the foil target the laser absorption is almost 2%. The cone
target is more efficient in the absorption of the laser energy.
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4. CONCLUSIONS

We studied the electron and proton acceleration in the interaction of ultra-high
power laser pulses with gaseous and foil and cone targets. For the LWFA electron
acceleration we obtained energies about 1 GeV. The cone target is better than the
foil target to obtain colimated beam of accelerated protons with a high power laser.
In the future work, in order to increase the kinetic energy of the electrons for lower
intensities, we must decrease the density of the gas target. The interaction of a laser
pulse with a very high intensity laser will accelerate electrons at kinetic energies of
GeV order. We will improve the dimensions of the cone target to get colimated beams
of protons with kinetic energies of order of hundreds MeV.
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