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Abstract

The interaction of an ultra-intense laser pulse (I ~ 3- 1019%) with a thin over-
dense plasma is investigated numerically. A multi-dimensional fully relativistic
Particle-in-Cell-Code (PIC) has been used for the simulation of this laser plasma
interaction. Careful data postprocessing gives insight in the evolution of the
complex acceleration process. As expected, a strong electrostatic field builds up
at the rear surface of the target with a transverse extension much larger than
the laser focal spot. A nicely laminar proton acceleration follows inside this
field. The observed proton energies as well as their momentum distribution are
in agreement with experimental findings.
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1 Introduction

Collimated proton beams with an energy of about 5 —6MeV per particle where
observed by irradiating a thin foil with an ultra-intense laser beam [1]. The pro-
tons originate from water vapor and hydrocarbons, which are usually adsorbed
on the surface of the foil. During the laser plasma interaction, part of the free
electrons is accelerated to high energies, which propagate through the target
foil and build an electron plasma at the nonirradiated rear side of the target.
The electron plasma induces a strong electric field (> 1012%), which ionizes the
water molecules and hydrocarbons and accelerates the protons normally to the
target rear surface over a distance of several pum up to energies of some MeV'.
This mechanism is called target normal sheath acceleration (TNSA). Preferably
the protons are accelerated in comparison to other ion species because of their
larger charge-to-mass ratio -=. The described scheme of proton (ion) acceler-
ation is a new possibility to produce short and intense bunches of high-energy
particles with a high directionality [2]. It allows also focussing of the ion beam,
when targets with a shaped (curved) rear surface are used [3].

To get high-quality ion beams for applications as isochoric heating [4] , radiog-
raphy [5] or fast ignition in inertial confinment fusion (ICF) [6], the physics of
the very complex acceleration process must be understood in detail. Especially,
the transport of hot electrons through the foil and the problem of the return
current need further investigations. Numerically observed instabilities in this
transport would show up in a filamentation of the ion beam and destroy its
shape [7].

This work is devoted to sophisticated multi-dimensional kinetic simulations for
a typical proton acceleration scenario with a short-pulse high-power laser driver.

2 About the simulation code PSC

For the investigation of quasi-particle motion in a strong laser field, I've used
the PSC (Plasma Simulation Code), which was written by Hartmut Ruhl and
Andreas Kemp [8]. The PSC is a relativistic particle-in-cell code, which as-
sumes atoms, ions and electrons as classical particles. The particles are treated
as "quasi-particles”, which have masses and charges artificially increased in a
manner that this would not affect the simulated physics but limit the amount
of calculation.



3 How the PSC package works

3.1 General function
3.1.1 The Vlasov-Boltzmann Equation

In the Plasma Simulation Code, the ansatz for the equations of motion is based
on the Vlasov equation [9]-[10]:
df _of  -of  -Of

= T D 35 =0 (1)

where f = f(Z,p,t) is the time-dependent particle density in phase space. The
Vlasov equation has its origin from Liouville’s theorem, which states that the
volume occupied by a given number of particles in phase space remains constant
in time (which is implied by % = 0) [11]. If there are binary collisions between
the particles, the constant volume of these particles in phase space is changed
with the collision integral St(f):
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But the binary collisions can be handled in a separate process in one time step
such that % = 0 remains.

Additionally, Eqn. (2) gets normalized, Where the substitutions ¢t — EN, r —

ApZ, J — mcp, E — EOE, B > BOB ] — jo] and p — pop, with the
plasma wavelength A\p = =, the speed of light ¢ and the laser frequency w, are
made. Together with the electromagnetic force ﬁ = q[E + U x E], this leads to

M ~ 0
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where @ is the electric charge and M is the physical mass. The other global
factors are explained in chapter 4.1 of [8] and in subsection 4.1. Here and
further on, the tilde from notations with dimensionless units will be omitted.
Notice that there are different types of particles (electrons and ions), which have
different charges ¢ and masses m (commonly multiples of @ and M). We will
not distinguish between them in this work, but one should have in mind that
there isn’t only one sort of particles.

3.1.2 Discretization

For a numerical solution of the equations of motion and the Maxwell equations,
the electric and magnetic fields and the charge and current distributions are
implemented as three-dimensional arrays (F — Eji; € R™ x R™ x R°), where
each array index j, k,l € N represents a spacial grid node at the position & =



(jAz, kAy,lAz). The density of a particle at the position (2,4, 2") is given by
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0, otherwise

This shape leads to a quadratic spline (QS), which has second order accuracy
and is also called ”Particle in Cell” (PIC). The particle weight at the grid points
i in one dimension e.g. can be obtained by integrating the formfactor S over
the corresponding grid:
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Multiplying the one-dimensional weights w;, wy, w,, we get the three-dimensional
weight of the particle w;;, = w;w;w,, which is proportional to the charge density.

3.1.3 Time evolution of the particles or particle motion

After multiplying Eqn. (3) and integrating it, one obtains the relativistic equa-
tions of motion (for details see [8]), which are modified by some constants after
normalization:
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For the action of the Lorentz- and electrostatic forces on a particle, a field
interpolation is made, as it was mentioned in Section 3.1.2 (see also Figure 2).
The discretized version of Equation (6) reads
M
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Here, the upper index represents time f™ = f(t,), tn41—t, = At. Substituting
with
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we get the relation
M .
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which must be solved for p*. The solution can be interpreted as a rotation [12].
For details see also [§].



Now, the motion of the particles is realized in a way that the particles are
moved first during half a time step as

FrT =+ A2, (11)

after what the new momenta can be calculated in general according to Eqn. (8).
We shall use the tripel form of Equation (10). Finally, the second half of the
movement of the particles is made with the new velocities 77 *!:

T =g 4 AL /2 (12)
The described numerical procedure is involved in subroutine PIC_move_part.f
of the code.

3.1.4 Maxwell’s Equations

In addition to the particle motion, there is the electromagnetic field, which is
also propagating in time. The time evolution of the E-M Field is described by
the Maxwell equations (here in normalized units):

VE = p, VB =0, (13)
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together with the law of charge conservation:
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The discretized form of Egs. (13) - (15), which are relevant for the plasma
simulation, is:
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The lower indices jkl represent the three spacial dimensions.

Both formulas 16 and 17 are applied two times for a half time step respectively
(see Figure 2). Between the first half time step evolution of the field (which is
made in PICmsa.f) and the second half time step (which is made in PIC_msb. f),
the subroutine PIC_move_part.f of chapter 3.1.3 will be executed.
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Figure 1: Program call
The user starts the raw calculating process with vliexec. After the program
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3.2 Operating the PSC

For running the PSC, one should have a well-performed computer platform,
which may have multiple calculating nodes (multi core processors in multiple
workstations in a network), because the PSC is designed for distributed calcu-
lations. The following software should be installed:

e an operating system, which is most often Linux

e a batch system, which is able to operate on multiple hosts, for example
OpenPBS.

e a fortran compiler for compiling the code, which is written in Fortran90

e The MPI (Message Passing Interface), which serves the distibuted comput-
ing of muliple processor applications with the Message Passing technique.

Before the calculation can be started, the Fortran90 source code has to be
compiled. This can comfortably be done with the shellscript Makefile, which
automatically recognizes a change of a file in the source package since the last
compilation.

Now, the PSC can be started with the call of vliexec from the shell. As it is
shown in Figure 1, vliexec executes the routine VLI. f, which can, together with
VLA. £, be regarded as the main program of PSC. The difference between VLI.f
and VLA.f is, that the former performs the initialization of the simulation, e.g.
sets up the particle distributions and determines the right dispatching for the
multiple nodes, and the latter just reads the full configuration of the variables
from the backup file which has always been exported at the end of the preceding
simulation. Another difference is that VLA.f is called by vlaexec.

Because of their analogous meaning, we will talk about ”the program” when
thinking about VLI.f or VLA.f. The calculation will be finished after a running
time, which can be set with the cpum variable in the code. If this time is reached,
the program calls the SERV_write.f-subroutine, which performs a writedump
of all data. After that, the program creates an okfile, which signalizes that
this run of the program has been executed properly. If the time step variable
n has grown up to nmax, the program additionally starts the endfile, which is
signalizing, that the complete calculation process should be terminated. Notice,
that the counter n starts working from the nstart value.

So, the whole simulation runs from nstart to nmax timesteps and, after the
cpum running time was reached, the program stops for backup purposes and can
be restarted by vlaexec.

During the runtime, the program writes out the field-, particle- and Poynting
vector data with the subroutines OUT_field.f, OUT_part.f, OUT_poyc.f. The
timing, at which time step the data are stored, is shown in Table 1.

3.3 Output data processing

In addition to the backup, which is read and written by SERV_read.f and
SERV_write.f, the program also produces some general output of the electro-



Output information starting time step ending time step time step increment

field N/A nprf dnprf
particles N/A nprparti dnprparti
time averaged poynting law tmnvp tmxvp np
time averaged field tmnvf tmxvE np

Table 1: Intervals of data output

The program outputs data, if the time step counter n reaches the final time
step number. The next ending timestep is redetermined as ending timestep +
timestep increment.

magnetic field, the particles and the Poytning law, which is intended for later
evaluation of the simulation results, while the raw data are saved in binary for-
mat. A transformation to formatted numbers for postprocessing will be provided
by the routines PROCESSOR_atoms, PROCESSOR_electrons, PROCESSOR_ions,
PROCESSOR_pfield and PROCESSOR_tfield.

After that, one can perform graphics with the ASCII data. The recommended
graphical software in PSC is IDL (Interactive Data Language), because the au-
thors of the code have already prepared some graphical evaluation software in
IDL. One may use any other programming languages for the graphical evalua-
tion, for example Matlab, Mathematica, Gnuplot or Xmgrace.

All output files, that are postprocessed by SELECT, are zipped in the *.data.gz
format, where the data are saved as numbers (one number per line) in a *.data
file. First, some initial constants are written, which are assigned in INIT_param. f
and may also be seen in VLA.data or with the call of SELECT.x -> c1. Then,
the field and particle data follow.

In the field data, the value of each grid point is written, where the index of the
x-axis is altering fastest. The index for the y-axis runs slower, and along the
z-axis we have the the slowest running index.

Every particle is represented by 11 values, characterizing it in normalized units:

xi, yi, zi: The particle position
pxi, pyi, pzi: The particle momenta
quni: The particle charge

mni: The particle mass

cni: The cell, the particle is in

1ni: The particle number

wni: The particle weight

These 11 values are stored chronologically, particle by particle, in the output
data file.
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4 The examined scenario

I have examined in my thesis high-intensity laser-induced particle acceleration.
In this scenario, an ultra-intense laser beam irradiates a thin (several tens of
micrometers thick) gold foil. After an inevitable laser prepulse has created
a plasma on the front side of the solid foil, the main laser pulse accelerates
electrons from there into the plasma. These electrons fly with nearly the speed
of light through the foil and exit its rear side, where a strong electric field is
created. This quasistatic field accelerates ions, e.g. protons from field-ionized
hydrogen atoms in the outer layer of the rear target surface.

A typical PSC run for such a scenario may last weeks or months in dependence
on resolution demands and produce many gigabytes of data. I have analyzed a
calculation made recently by Marius Schollmeier. I am very grateful to him for
data support.

4.1 Experimental parameters

A complete description of how to set up the parameters of a two-dimensional
simulation in INIT param.f, is given in the Chapters 6.1.1 and 6.2.2 of the
PSC-Documentation [8].

The 2-dimensional simulation lies in the y-z-plane. The size of the simulation
box is 60um x 60um, where the mesh has a resolution of 1000 x 1000 grid
points. The target is a foil with a thickness of 10um consisting of hydrogen
atoms with a density of 9 - 10?8205 Thege atoms are implemented as 15
single charged (q = 1e) proton quasi-particles per grid cell'. Additionally, there
are 150 electrons (¢ = —1e) per cell with the same distribution. Since the code
obeys the conservation law of charges and this will be used to obtain the current
distributions, with which the electric and magnetic fields can be obtained via
Maxwell’s equations, the higher charge density of the electrons does not lead
to a strong static electric field and hence does not affect the simulation in a
dramatic sense. The particle distribution is not completely homogeneous at
160 particles per cell, but 160 means the maximum density per cell. One can
see the real distribution in Figures 3 and 4. Because the laser comes from the
left, the part in front of the z = 20um plane will be called the frontside and
the part behind the z = 35um plane the rear of the foil. On the frontside,
the foil plasma has a smaller spatial gradient than on the backside because of
the laser prepulse, which generates a preplasma. Altogether, the simulation
box contains about 27.5 Million quasi-particles. The incoming laser beam has
a Gaussian envelope with a peak intensity of Iy = 3 - 1023%. The FWHM
of the initial spot is 3.3um and the pulse length (the FWHM in propagation
direction) of the laser beam is 49.96um, which corresponds to a pulse duration
of 166,6fs. The laser wavelength is A, = 1.053um, what corresponds to the
laser frequency w = QALLC = 1,79 - 10" Hz of a neodymium-glass laser. The
electric field is oscillating in the y-plane and the maximum field strength, which

Larid cell means the cube, which is bordered by the neigbouring grid points. So the cube
has a volume of 60nm x 60nm x 60nm.
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t=0.00000fs

x=29.9700um
maxr=9.56069
min=0.00000

60 [19.5617
.
T 30 4.780
N
0.000

Y/ um

Figure 3: Initial electron particle distribution. The ion particle distribution
looks similar.

is also the field normalization factor mentioned in chapter 3.1.1, is equal to
Ey=,/2oum _ 14.27%. Equivalently, we find By = 47,6 - 103 T.

€pC )\L

5 Evaluation of the simulation data

While propagating 15um through the underdense plasma, the laser beam di-
verges, but the field strength at the front side is a bit higher because of reflec-
tion. This can be seen in Figures 5 and 6.

The strong laser beam accelerates electrons at the front side via the pondero-
motive force. These fast electrons propagate through the foil and leave it at
the back. The first hot electrons can be observed after ¢ = 183 fs, as one can
see in Figure 7. When the laser pulse reachs half of its peak intensity at the

12
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Figure 4: Initial particle density.

On the left, the electron density, on the right the ion particle density are shown.
A density of 1 corresponds to 15 quasi-particles per cell. The rugged ion density
distribution is caused by the low particle number per cell.

target front at time ¢ = 150fs, the fast electrons have approximately the speed
of light. This estimate we conclude from the momentum distribution along the
z-axis, which is shown in Figure 8. The investigation of various phase space dis-
tributions of the fast electrons (momenta in y or z direction) does not show any
regular feature, which means that the fast electrons have a continuous, washy
distribution in phase space. One observes about 10000 quasi-electrons, which
have left the foil at the rear side after a time of 326 fs, what corresponds to a
charge of Q = 107 '°C crossing the target surface at position z = 35um. Because
the first occurence of fast electrons was observed at 183 fs, one gets an average
current of about I = 700A during a time of approximately 140fs. Assuming
that this high current initially flew through the foil, this massive charge move-
ment should be compensated by a counter propagating electron flux to prevent
the build-up of a strong electric field along the z-axis inside the foil. In fact,
one observes an exceeding current density in negative direction at low energies,
as it is shown in Figure 9. The current density is determined by counting the
number of electrons in equidistant intervals of their momentum. A histogram
consisting of 1000 intervals was used.

5.1 Ion acceleration

Outside the foil, we do not observe slow thermal electrons in the beginning of the
electric field setup, which could compensate the fast electron current through
the rear surface of the target. So, a very strong electric field is established in
z-direction there (see Fig. 10). This field has a maximum strength of E =
2- 1012% = 2M—7x. This high electric field causes field ionization of the hydrogen
atoms. The expelled bound electrons are pushed into the foil and protons are
being left. The protons will be accelerated by the strong electric field in positive
z-direction, shown in Figure 11. The trace of the momenta is astonishing thin
(see Fig. 12).
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1=270.600fs
x=29.9700um
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min=—1.25304
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Figure 5: Electric field of the inciding laser wave.
Here, the y-component of the electric field is shown at time step 2460, what

corresponds to t = 210.6 fs.
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Figure 6: Electric field strength. The y-component of the electric field is plotted
over the y-axis in normalized units Ey at time step 2460. This field distribution

is a cut at z = 18um (300th grid point).
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1=182.520fs

x=29.9700um
maxr=9.63020
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N
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Figure 7: First electrons emerging from the rear side of the target.

The electron charge density is plotted in a very small density range. This
filtering results in a very high contrast between vacuum and any occuring charge
density. The time of 183 fs corresponds to the time step 2132.
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z/um

Figure 8: Electron momentum distribution.

In the area of 25um to 35um, one observes only electrons with high momenta
in positive z-direction, but not in the opposite. Fast electrons with momenta
of more than 20 times of the value, corresponding to the rest mass, can be
detected. Of course, their number is rather low at these high energies.
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Figure 9: Current density at low electron energies.
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The maximum energy of the particles in z-direction is E = 5keV, which is 100
times less than the rest mass of an electron. One can see, that the current
produced by electrons flying in the negative z-direction is a bit higher than the
electron current in positive z-direction.
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1=336.959fs
x=29.9700um
maxr=0.437663
min=—0.573121

60 10.700

0.045

—-0.070

Figure 10: Strong electic field at the rear side of the target.
The electric field in z-direction is shown - the white stripe at the position of

z = 35um.
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x=29.9700um
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Figure 11: Protons accelerated from the rear side.

Like in Figure 7, the ion current density is plotted in a very small range, leading
to a high contrast in the image. The stripes are the result of the original ion
distribution. The ions are initiated at discrete positions with zero momentum.
So, they remain at their location until they are pulled into vacuum by the space
charge field.
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Figure 12: Momentum distribution of the protons.

On one hand, ions are accelerated at the front side of the target. Additionally,
high-energy ions (protons) come also from the backside of the target. Here, the
momentum of the particles is growing linearly with increasing distance from the
initial rear target surface in z-direction and reaches 0.1 times of the rest mass
of the protons. This value corresponds to a kinetic energy of 5MeV .
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6 Improvements

There are some points, which may be reconsidered in future work to improve
the code:

7

In the investigated simulation binary collisions were taken into account.
An important question is, how much they affect the simulated physical
process. The simplest way of understanding the collisons is to run the
calculation with the same initial parameters but inhibit collision processes.

The particle number in the particle data should be initiated in the correct
manner. At the moment, it is set to 0, what makes identification of the
particles impossible. This would be also a prerequisite to investigate the
trajectories of distinguished particles.

The IDL-Routines should be checked carefully, whether they are working
properly. In some of the routines, the implemented energy-momentum-
relation is questionable.

A clever ”after postprocessing” of the data should be implemented, be-
cause the data files produced by the code are very large, so that the
processing takes much time. This makes it difficult to debug or test data
evaluation software.
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