Bull. Nov. Comp. Center, Num. Anal., 15 (2011), 25-31
© 2011 NCC Publisher

Computer simulation of radiation acceleration
mode in laser-plasma interaction*

D.N. Gorpinchenko, G.I. Dudnikova

Abstract. We present numerical studies on the ion acceleration from thin foils ir-
radiated by ultra-high contrast laser pulses. Two-dimensional particle-in-cell (PIC)
simulations reveal that ions are for a certain time accelerated in a phase-stable way
by the laser radiation pressure. The development of the Rayleigh—Taylor instability
leads to destroy foils and to decelerate the ion acceleration rate.

1. Introduction

Currently, the development in the laser technologies have enabled a high-
power laser to produce multi-terrawatt femtosecond pulses. Nowadays, the
interaction of a high-intensity laser pulse with plasma is a subject of interest
for fundamental physics and numerous practical applications [1,2].

Recent works indicate to the fact that under proper conditions the in-
teraction of ultra-short, high-power lasers with thin foils can generate ion
beams within 100-200 MeV energy range with relatively a low velocity
dispersion [3,4]. This technology can have the major implications to the
medical proton cancer therapy since it can provide a relatively inexpensive
table-top alternative to the currently used standard cyclotrons [5].

The generation of high-energy ions by the laser-plasma interaction has
become attractive since the pioneer work that was realized ten years ago
[6-8]. In these papers, the target normal sheath acceleration (TNSA) mech-
anism guiding the action of the emission of multi-MeV ion beams was stud-
ied. In the TNSA, the energy electrons are generated at the plasma surface,
and quasi-static electric fields of order TV /m are created. As results ions
acceleration was occurred with cut-off energy up to 60 MeV.

Recently, a new mechanism, the RPA (radiation pressure acceleration),
for ion acceleration was proposed [9-11]. In this mode, protons are accel-
erated together with an electron cloud. The radiation pressure accelerates
an electron cloud, which in turn accelerates ions due to the induced longi-
tudinal charge separation fields. In contrast to the TNSA mode, the RPA
mechanism is highly efficient, and the ion energy is proportional to the elec-
tromagnetic energy of a laser pulse. The pulsed Laser Driven acceleration of
plasma sheets in the 1D scenario demonstrate that the proton energy up to
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200 MeV could be attained while the beam remains largely a mono-energy
one [12]. In realistic 2D/3D geometries, the development of the Rayleigh—
Taylor (R-T) instability of a plasma sheet is an obstacle for sustaining a
quasi-mono-energy mode of the ion acceleration [13]. In fluid dynamics, the
Raleigh—Taylor instability is a well-known phenomenon that occurs when
a lighter fluid is accelerated into a heavier one. This instability also often
takes place in magnetized plasma, where a magnetic field plays the role of
a light fluid. For example, the R-T instability is very important in the case
of an inertial fusion, where a fuel pellet is compressed by a high-intensity
laser pulse.

The importance of both nonlinear and kinetic effects and a high dimen-
sionality of the laser-plasma interaction process requires the computer-aided
simulation. The key role of computer simulations is played by analysis of
such extreme phenomena that are out of reach of analytical developments.

In order to describe the RPA mechanism of the particle acceleration, we
consider numerical modeling of the laser pulse-plasma interaction based on
fully relativistic 2D particle-in-cell (PIC) kinetic model [14]. In this paper,
we present the results of the ion acceleration with circularly polarized (CP)
laser pulses in a simple slab geometry and R-T instability.

2. Formulation of the problem

Let us consider the following problem. A high-intensity laser pulse falls onto
the foil that is simulated as a thin slab of plasma consisting of electrons and
ions. As a result of the laser-plasma interaction high-energy charged par-
ticles are generated. As this process is collisionless, then a kinetic plasma
model based on the Vlasov equations can be used for the numerical simula-
tion.

The initial system of equations includes the Vlasov equations for electron
and ion plasma components and the Maxwell equations:
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Here, the subscript « is used for electron and ion plasma components; f
is a distribution function, and other variables have a standard designation.
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To simulate the laser pulse-plasma interaction, we have carried out a
series of the 2D particle-in-cell simulations with the fully relativistic code
UMKA2D3V [14].

A laser pulse can be characterized by intensity, shape, and duration.
Plasma can be characterized by shape and density. The plasma density
can be described by a dimensionless parameter of the the ratio of plasma
density to the critical density n.,. When the plasma density n is equal to
the critical density, the frequency of the laser wy is equal to the Langmuir
frequency wee = \/4mne2/me, i.e., wo/woe = v/Ner/n = 1. If wo/woe > 1,
plasma is described as underdense and transparent for the laser radiation.
Plasma with wg/wee < 1 is called the overdense plasma and and the laser
radiation can penetrate into plasma only at a distance of the skin depth
d = ¢/woe.

In the simulation, a laser pulse is normally incident, impinges to the
left on the axis x, and has a wavelength [ an amplitude a, and a uniform
spatial profile in y direction. A temporal profile of a laser pulse rises for
several cycles and then remains constant. Simulations were performed for a
normalized amplitude of the laser vector potential, a = eEy/mecwy, where
Ey is a vacuum electric field amplitude, and wg is the frequency of a laser
pulse (I = 2mwc/wy), c is the speed of light, e is the electron charge, and me
is the electron mass. The target plasma simulates a thin solid dense plasma
slab of thickness d (foil). The foil has an electron density n, which is n times
higher than the critical density ne. For a high intensity of a laser pulse,
a > 1, the foil can be transparent for the electromagnetic radiation if d <
aXne/n. This should be taken into account when choosing the size of foil.
The total simulation box has 4\ x 60\ size, and the foil is located at © = 2.

To reduce boundary effects, there was considered a significantly longer
vacuum region behind the foil. The boundary conditions for particles and
electromagnetic fields are periodic in y-direction. In z-direction, the bound-
ary conditions consist of the electromagnetic wave that enters the region at
x > 0 and freely leaves the computational domain at the right boundary.
Particles are reflected from the boundaries in x direction. The initial par-
ticle velocity is equal to zero (U, = 0). We use the Cartesian mesh system
with a uniform mesh size. The mesh width in z and y directions, A, and
Ay, respectively, are set to be equal to A, = A, = h, and h is determined so
that a skin depth ¢ of laser exceeds spatial mesh size h. In our simulation,
we have h = 0.01\. According to the mesh width h, a computational time
interval is 7 = 0.005\/c.

Plasma consists of protons or ions and electrons with a proton mass
M = 1836m,. Anywhere below the coordinates, time, density, momentum,
and energy are given to be \, 27 /wo, ner, Me, Mc?, respectively.

In the simulation, the foil density varies within 25n. < n < 169,
(Ner = 1.1-10%! em™3 for A = 1 pm), the foil size d = 0.25\. The amplitude



28 D.N. Gorpinchenko, G.I. Dudnikova

of a laser pulse has a range 5 < a < 130 (¢ = eE/mecwy = [I/(1.35 -
10'® W/cm?) - (A\/1 pm)?]'/2). The computational box has a uniform mesh
with 100 cells per A, and 200 particles per cell.

For the estimation accuracy of computer simulation we make a serial
number of runs for a different numbers of particles in a cell N = 8, 32, 50,
200. The results of the test simulation show that a difference between the
density amplitude for N = 50 and N = 100 is 2 % and, for N = 200 and N =
8, it is 10 %. The main runs were carried out with 200 particles per cell. To
solve the problem of the interaction of laser pulse with plasma it is necessary
to consider several different temporal and spatial scales. As a result, a large
number of calculations must be done, therefore the code UMKA2D3V was
parallelized. The computer simulation was made on the computer complex
SMP16X256 of the Siberian Supercomputer Center ICM&MG SB RAS.

3. Results of computer simulation

Let us consider the results of the computer simulation of the laser pulse-
plasma interaction. The acceleration of ions in a thin foil by circular polar-
ized laser pulse is based on the following physics. A laser pulse ionizes a foil
and forms a slab of plasma, and pushes electrons forward by the radiation
pressure. lons are accelerated by a space-charge electric field created by
separation of electrons and ions in plasma.

The contours of ion density n;(x, y) for the initial parameters of the laser
pulse and plasma a = 42, n = 169 are presented in Figure 1 at the times of
15 (a), 25 (b), and 55 (c) laser cycles from the beginning of the run. In the
left frame, at ¢ = 15, the initial stage of R-T instability is shown. One can
see the evolution of the surface dynamics over several laser cycles.

A high density foil reflects the laser pulse almost totally and at the
surface of overdense plasma a sharp density layer is formed (0 < ¢ < 5). Due
to radiation pressure of a laser pulse plasma density significantly increases
from n = 169 (t = 0) to n = 850 (¢t = 10) and then development of R-T

7 75
Figure 1. Contours of normalized ion density for a = 42 and n = 169 at various
times in laser cycle units
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Figure 2. Ion phase space (P, z) for Figure 3. Ion energy spectrum for a =
a = 32 and n = 100 at various times in 32 and n = 100 at various times in laser
laser cycle units cycle units

instability results in the deformation of foil and a stream formation. Initially,
the foil has a uniform surface along y, and the change in its shape in time
is due to the development of R-T instability. In the right frame at ¢t = 55,
we see the nonlinear stage of R-T instability with a low density of plasma.
This instability develops with time over several laser periods. The growth
of surface streams can be seen from Figure 1. At ¢t = 15, they have a small
wavelength L = 0.5\, while, at t = 25, a wavelength L =~ 1\ and, at ¢t = 55,
the foil has a hole structure, i.e., the foil is destroyed. As a result, a laser
pulse goes through plasma and the process of ion acceleration finishes.

The ion phase spaces (Pig,x) are presented in Figure 2. A significant
amount of particles forms a definite loop giving a clear proof of the phase-
stable acceleration driven by the laser radiation pressure. The ions trapped
in a loop are accelerated to a mono-energy up to 100 MeV.

A foil can be fractured due to R-T instability, leading to the bunching
of the foil and broadening of ion energy spectrum. The PIC model gives
details of the ion energy distributions. The initial (¢ = 0) ion distribution
has the maxwellian shape. The ion energy spectrum at different moments
presented in Figure 3. The energy spectrum is quasi-mono-energy beamlets
for 10 < t < 25. A fully nonlinear stage of instability results in the diffuse
distribution for ¢ > 25.

4. Conclusion

To conclude, based on the 2D3V-PIC simulation, we have studied the prob-
lem of ion acceleration under interaction of super-intense circularity polar-
ized laser pulse with overdense plasma target. The numerical simulation
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shows a high rate of ion acceleration in RPA regime. The ponderomotive
force of a circularly polarized laser pulse has no oscillations, and electrons
can be steadily pushed forward. A charge separation field accelerates ions.
The nonlinear development of R-T instability leads to the destruction of
the foil and a decrease of ion acceleration rate. In this case, the laser pulse
can penetrate into plasma, make holes, and ions cannot be steadily acceler-
ated. Therefore, R-T instability of a plasma sheet is an obstacle to sustain
a quasi-mono-energy regime of ion acceleration.
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